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–Summary in Dutch–
Golfenergie kan in de toekomst een relevante bijdrage leveren aan de groeiende
mondiale vraag naar energie, maar zit vooralsnog in een relatief jonge onderzoeks-
fase. Onderzoek dat bijdraagt om de rendabiliteit van golfenergieconvertoren (EN:
wave energy converter of WECs) te verbeteren, is nodig om de technologie compe-
titief te maken met andere (hernieuwbare) energiebronnen. Het uitgevoerde onder-
zoek in dit werk streeft ernaar hieraan bij te dragen door voor verschillende groot-
tes van elektrische machines en verscheidene configuraties de energieopbrengst te
begroten om het geı¨nstalleerd vermogen te reduceren waar mogelijk.
Een op- en neergaande point-absorber kan gemodelleerd worden als een massa-
veer systeem dat gee¨xciteerd wordt door de golfkrachten. Via de beweging van
de vlotter wordt vermogen geabsorbeerd uit de golven door het ’power take-off’
(PTO) systeem dat het vervolgens omzet in elektriciteit. De vermogensabsorptie
door de PTO is maximaal als het systeem in resonantie is met de inkomende golf-
frequentie en de PTO demping gelijk is aan de interne demping. De eigenfrequen-
tie waarbij het massa-veersysteem resoneert, is afhankelijk van de veerconstante
en de massa. Omdat de inkomende golffrequentie verandert met de weersomstan-
digheden, bevat de PTO controle een term die de massa van het systeem virtueel
wijzigt om de eigenfrequentie te beı¨nvloeden in de richting van de golffrequen-
tie en zo de vermogensabsorptie te optimaliseren. Dit wordt ’reactive control’ of
’tuning’ genoemd.
Een gedetailleerd simulatiemodel van een roterende elektromechanische PTO
werd ontwikkeld - en dit voor drie verschillende PTO-topologiee¨n - dat interageert
met een bestaand hydrodynamisch simulatiemodel van een op- en neergaande
point-absorber. De gemodelleerde PTO-karakteristieken omvatten het werkings-
bereik van de elektrische machine voor zowel het koppel als toerental, de dynamica
van de rotorinertie en gedetailleerde efficie¨ntiegegevens in functie van het actuele
koppel en toerental.
Door een weloverwogen keuze te maken voor het werkingsbereik, kan het
geı¨nstalleerd vermogen reeds gedeeld worden door twee door de machine te ge-
bruiken tot 200% van het nominaal koppel en een volgende aanzienlijke reductie
van het geı¨nstalleerd vermogen door gebruik van super-nominaal toerental, terwijl
de maximum beschikbare PTO-kracht gelijk blijft. Het gebruik van de machine
boven het nominale koppel wordt vaak toegepast bij variabele last, zolang het er-
mee gepaard gaande RMS koppel gemonitord wordt en onder het nominaal koppel
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blijft, en/of de temperatuur van de machine gemeten wordt om te voorkomen dat de
maximale temperatuur overschreden wordt. Boven het nominale toerental wordt
de machine gebruikt in veldverzwakking en het maximaal koppel is dan gelimi-
teerd tot de curve van maximum vermogen.
Drie verschillende PTO topologiee¨n zijn gemodelleerd en bestudeerd, alle be-
staande uit een roterende elektromechanische PTO. Het eerste systeem bestaat uit
een kabel die met de zeebodem verbonden is. In de boei is de kabel rond een
trommel (EN: drum) gewikkeld die begint te draaien van zodra de boei omhoog
gestuwd wordt door de golven. De trommel is verbonden met een elektrische
machine die de mechanische energie omzet naar elektriciteit. Een tweede PTO
principe is een paal met een tandheugel (tandlat) en tandwiel (EN: rack and pi-
nion) dat de elektrische machine in beweging brengt. Het derde systeem betreft
een vermogenssplit transmissie (EN: power split transmission of PST) die een ex-
tra vrijheidsgraad met zich meebrengt en bestaat daarnaast uit twee elektrische
machines waarvan de koppels en toerentallen met elkaar verbonden zijn via de
PST.
Voor elk van de drie PTO topologiee¨n zijn meerdere iteraties van de PTO-
configuratie gesimuleerd om gevoeligheden en trends bloot te leggen. Voor elke
iteratie werden de controleparameters geselecteerd om de vermogensoutput te maxi-
maliseren met inachtneming van de boei en PTO limieten. De boeilimieten zijn de
maximale slag in zowel opwaartse als neerwaartse richting, en de PTO limieten
omvatten de maximale thermische capaciteit (RMS koppel) en het maximale toe-
rental.
Om de simulatieduur te beperken, werd de efficie¨ntie van de machine geı¨nte-
greerd in het model als een opzoektabel in functie van het actuele elektromagneti-
sche koppel en de actuele snelheid in plaats van met een elektrische-machinemodel.
Een machinemodel zou een hogere rekenfrequentie nodig hebben en dus een lan-
gere simulatieduur. Dit quasi-statisch efficie¨ntiemodel werd geverifieerd aan de
hand van labotesten en een goeie correlatie werd waargenomen tussen de metin-
gen en het quasi-statisch model. Het blijkt dus dat de vereiste dynamica van de
machine nog relatief traag is ten opzichte van het elektromagnetisch gedrag in de
machine.
De efficie¨ntie van de machine werd bestudeerd met betrekking tot de hoogte
van de nominale efficie¨ntie, maar ook met betrekking tot de vorm van de 3D ef-
ficie¨ntiecurve over het werkingsbereik van koppel en toerental. Afhankelijk van
de machine-topologie kan deze 3D curve relatief spitsvormig zijn met grote ver-
schillen in efficie¨ntiewaarden over het werkingsbereik. Door de heel variabele
belasting, inherent aan golfenergie, heeft de vorm van de efficie¨ntie over het wer-
kingsbereik een aanzienlijke invloed op de jaarlijkse energieopbrengst. De analy-
ses daarvan hebben aangetoond dat de keuze van een PTO - of zijn componenten
- op basis van de nominale efficie¨ntiewaarde zeer misleidend kan zijn, aangezien
de resultaten weergaven dat een machine met identieke nominale efficie¨ntie, maar
een vlakkere vorm, 30% meer energieopbrengst met zich mee kan brengen dan
een andere machinetopologie met een meer uitgesproken piekvorm van de 3D ef-
ficie¨ntiecurve.
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Een andere optimalisatie werd uitgevoerd met betrekking tot de roterende in-
ertie van de PTO. De inertie kan gezien worden als een toename van de boeimassa
en beı¨nvloedt daardoor de hydrodynamische respons door de eigenfrequentie af
te stemmen in de richting van de inkomende golffrequentie, hetgeen resulteert in
een hogere absorptie van golfenergie en bijhorende elektrische output. Vooral de
performantie van een rack & pinion WEC wordt daardoor verbeterd doordat PTO-
krachten in twee richtingen kunnen overgebracht worden, in tegenstelling tot het
drum & cable systeem.
Een update in de toepassing van de reactive control werd voorgesteld tijdens
de evaluatie van de inertie-optimalisatie. Een zekere PTO inertie maximaliseerde
de totale jaarlijkse opbrengst, maar de performantie in de hoogste golfconditie
verminderde. De inertie bleek te groot voor die golven, en door negatieve tu-
ning coe¨fficie¨nten toe te laten om de systeemmassa virtueel te verlagen, steeg het
gemiddelde vermogen in die golfconditie opnieuw met 30% en de jaarlijkse ener-
gieopbrengst met 2% tot 5%, afhankelijk van de locatie.
In plaats van een PTO te dimensioneren om de vermogensabsorptie te maxi-
maliseren voor elke golfconditie, wordt er aangenomen dat een economisch op-
timum kan gevonden worden door de gemiddelde jaarlijkse energieopbrengst op
de beoogde locatie te evalueren voor verschillende geı¨nstalleerde vermogens. Het
lokale golfklimaat kan doorslaggevend zijn bij de selectie van het geı¨nstalleerde
vermogen. Drie (virtuele) locaties werden gedefinieerd waarvoor de opbrengst
gesimuleerd kan worden. Dertig combinaties van nominaal koppel en nominale
snelheid zijn gesimuleerd voor elk van de PTO topologiee¨n om de corresponde-
rende jaarlijkse opbrengst te begroten. Voor de machinetopologie met een relatief
piekvormig efficie¨ntieverloop, bleek zelfs dat een kleiner machinevermogen kan
leiden tot een verhoogde energieopbrengst omdat de machine dan in betere ef-
ficie¨ntiezones wordt gebruikt. Voor de andere bestudeerde machinetopologie, die
een vlakker efficie¨ntieverloop heeft, leiden veel cases relatief gezien tot een sig-
nificant hogere vermindering van geı¨nstalleerd vermogen dan de overeenkomstige
relatieve daling in opbrengst.
Om de verliezen die gepaard gaan met een reductiekast te vermijden, zijn de
drum & cable en rack & pinion PTO’s gesimuleerd met een direct drive configu-
ratie en vergeleken met de redutiekastopstelling. De direct drive presteert beter
in de drum & cable topologie in alle dertig cases van geı¨nstalleerd vermogen, ter-
wijl de prestaties van de rack & pinion direct drive PTO lijdt onder de verkleinde
equivalente PTO-inertie die ermee gepaard gaat.
De derde PTO-topologie die gemodelleerd en gesimuleerd werd, is een nieuw
uitgevonden systeem van patent [3], bestaande uit een power split transmissie
(PST), gericht op een betere gemiddelde machine-efficie¨ntie en een bi- naar unidi-
rectionele omzetting van de rotatie. De PST heeft drie assen waarvan de snelheden
en koppels onderling met elkaar verbonden zijn. Door middel van het controle-
ren van een controlemachine (auxiliary machine) op e´e´n van de drie assen kan
de golfenergie worden geabsorbeerd, en verdeeld over de controlemachine en een
hoofdgenerator met vliegwiel op de tweede as die in een enkele richting draait.
De onderlinge relatie tussen snelheden en koppels is gemodelleerd samen met de
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dynamica van de twee machines en vervolgens gecombineerd met het hydrody-
namisch simulatiemodel. Een succesvolle proof-of-concept werd bereikt met een
eerste reeks simulaties met een basis controlestrategie.
Een reeks gevoeligheidsanalyses met de PST PTO gaf de aanzet om een ge-
optimaliseerde controlestrategie te definie¨ren door meer vermogensabsorptie toe
te laten met de controlemachine en een ’reactive control’ term toe te voegen. De
jaarlijkse opbrengst in functie van nominaal koppel en toerental legt de moge-
lijkheden bloot om het geı¨nstalleerd vermogen te verminderen op basis van een
techno-economische optimalisatie.
Naast het onderzoek betreffende de optimalisatie van de PTO, werd een ’wave
emulator’ lab setup ontwikkeld en gebouwd om PTO’s te testen in een controleer-
bare en toegankelijke omgeving die dezelfde belasting oplegt aan de PTO alsof die
geı¨nstalleerd zou zijn in een WEC op zee. De wave emulator reageert op de PTO-
acties door middel van een real-time controle op basis van het hydrodynamische
boeimodel. De boeimassa en de massatermen van het hydrodynamische model
worden vertegenwoordigd door de fysieke inertie van de wave emulator, om bere-
keningen te vermijden met versnellingsmetingen waarop veel ruis zit. Indien het
gewenst is om te testen op schaal, kan de WEC worden geschaald met Froude-
verschaling terwijl een identieke genormaliseerde belasting wordt behouden. Dit
wordt bereikt met een compensatiemethode waarbij extra inertie aan de opstelling
toegewezen wordt.
English summary
Wave energy can deliver a relevant contribution to the growing global energy de-
mand in the future, but is for the time being still in a relatively young research
stage. Research that helps to increase the profitability of wave energy convert-
ers (WECs) is necessary to make them competitive with other (renewable) energy
sources. The research performed in this work aims at adding to this effort by
quantifying the yield for different machine sizes and configurations to reduce the
installed power where possible.
A heaving point absorber can be modelled as a spring-mass system that is
excited by the wave forces. Power is absorbed from the waves through the move-
ment of the floater by a power take-off (PTO) system that subsequently converts
it to electricity. The power absorption by the PTO is maximised when the system
is in resonance with the incoming wave frequency and when the PTO damping
is equal to the internal damping. The natural frequency at which a spring-mass
system resonates, depends on the spring constant and the mass of the system. Be-
cause the incoming wave frequency changes with the weather conditions, the PTO
control includes a term that virtually changes the buoy mass to adapt the natural
frequency towards the wave frequency and thus optimising the power absorption.
This is called ’reactive control’ or ’tuning’.
A detailed simulation model of a rotational electromechanical PTO has been
developed - and this for three different PTO topologies - to interact with the ex-
isting hydrodynamic simulation model of a heaving point absorber. The modelled
PTO characteristics encompass the operational range of the electrical machine in
terms of available torque and speed, the dynamics of the rotor inertia and not at
least precise efficiency information as a function of the actual torque and speed.
By choosing the operational range wisely, the installed power can already be
divided by two by allowing the machine to operate at up to 200% of its rated
torque and another significant reduction in installed power by using super-rated
speeds, while maintaining the same maximum available PTO force. The super-
rated torque use is known as good engineering practice with variable loads as long
as the corresponding RMS torque is monitored and kept below the rated torque,
and/or by measuring the temperature of the machine to prevent exceedance of the
maximum temperature. At super-rated speeds, the machine is operated in field-
weakening mode, the maximum torque is then reduced to a maximum power curve.
Three different PTO topologies have been modelled and studied, all consisting
of a rotary electromechanical PTO. The first system consists of a cable connected
with the seabed. Inside the buoy, the cable is wound onto a drum which starts to
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rotate when the buoy is pushed upwards by the waves. The drum is connected to
an electrical machine that converts the mechanical energy to electricity. A second
PTO principle is a pile with a rack and pinion system that forces an electrical
machine to rotate. The third system comprises a power split transmission bringing
an extra degree of freedom and consists of two machines of which the torques and
speeds are interrelated through the PST.
For each of the three PTO topologies, multiple iterations in the PTO configu-
ration have been simulated to reveal sensitivities and trends. For every iteration,
the control parameters have been selected to maximise the power output while re-
specting the floater and PTO constraints. The floater constraints are the maximum
stroke in terms of maximum sinkage and maximum lift, and the PTO constraints
comprise the maximum thermal capacity (RMS torque) and the maximum peak
speed.
To decrease simulation time, the efficiency of the machine has been entered as
a lookup table as a function of the actual electromagnetic torque and actual speed
of the machine rather than including a machine model. A machine model needs
a higher calculation frequency and thus longer simulation time. This quasi static
efficiency model has been verified by experimental tests and a good correlation
was observed between measurements and the quasi static efficiency model. Ap-
parently, the required dynamics of the machine are relatively slow compared to the
electromagnetic behaviour in the machine.
The efficiency of the machine was studied with regard to the magnitude of the
nominal efficiency but also with regard to the shape of the efficiency map along
the operational torque and speed range. Depending on the machine topology, this
shape can be relatively peaky with large differences in efficiency of the machine
across the operation range. Because of the very variable loads inherent to wave
energy, the efficiency across the working range of the machine has a substantial
influence on the annual energy yield. The analyses thereof have shown that the
selection of a PTO - or its components - based on the nominal efficiency value can
be very misleading as it was observed that a machine with equal nominal efficiency
but flatter shape of the efficiency map can yield 30% more than a different machine
topology with a more peaky shape of the efficiency map.
Another optimisation was performed regarding the rotational inertia of the
PTO. The inertia can be seen as an increase of the floater mass, thus influencing
the hydrodynamic response by tuning its natural frequency towards the incoming
wave frequency and resulting in a higher wave energy absorption and correspond-
ing electrical output. Especially the performance of a rack and pinion WEC can
be improved due to the bidirectional transmission of PTO forces, in contrast to the
unidirectional transmission of the drum and cable.
An update of the application of the reactive control was proposed in the after-
math of the inertia optimisation. It appeared that a certain PTO inertia maximised
the overall yearly yield, but decreased the performance in the highest sea state. The
inertia turned out to be too large for that wave condition, and by allowing negative
tuning coefficients to virtually decrease the system’s mass, the mean power in that
sea state rose again with 30% and the yearly yield with 2% to 5% depending on
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the location.
Rather than dimensioning a PTO to maximise the power absorption in every
sea state, it is believed that an economic optimum can be found by evaluating the
average annual yield at a targeted location for different magnitudes of installed
power. The local wave climate can be decisive in the selection of installed power.
Three (virtual) locations have been defined at which the yield can be simulated.
Thirty combinations of rated torque and rated speed have been simulated for each
of the PTO topologies to quantify the corresponding yearly yield. For the machine
topology with relatively peaky efficiency map, it even appeared that a smaller ma-
chine size can result in an increased output because the machine was then used in
better efficiency operating zones. For the other studied machine topology, which
has a flatter efficiency map, many cases result in a significantly higher relative
reduction of installed power than the corresponding relative drop in yield.
To avoid the losses associated with a gearbox, the drum & cable and rack &
pinion PTOs have been simulated with a direct drive configuration to compare with
the geared option. The direct drive performs better in the drum and cable topology
in all of the thirty machine sizes, while the performance of the rack and pinion
direct driven system suffers from the corresponding lower equivalent PTO inertia.
The third modelled and simulated PTO topology is a novel system from patent
[3] consisting of a power split transmission (PST) aiming at a better average ma-
chine efficiency and a bidirectional to unidirectional conversion of the rotation.
The PST has three shafts of which the speeds and torques are interrelated. By
means of controlling an auxiliary machine on one of the three shafts, wave power
can be absorbed and is split towards both the auxiliary machine and a main gener-
ator with flywheel on the second shaft rotating in a single direction. The interrela-
tionship of speeds and torques have been modelled together with the dynamics of
the two machines and subsequently combined with the hydrodynamic simulation
model. A successful proof-of-concept was achieved with a first set of simulations
with a basic control strategy.
A series of sensitivity analyses with the PST PTO gave the input to define an
optimised control strategy by allowing more power absorption by the auxiliary
machine and including a reactive term. The yearly yield versus rated torque and
rated speed reveals possibilities to reduce the installed power in a techno-economic
optimisation.
Next to the work on PTO optimisation, a wave emulator lab setup has been
developed and built to test PTOs in a controllable and accessible environment ap-
plying identical normalised loads to the PTO as if it were installed in a WEC at
sea. The wave emulator responds to PTO actions due to a real-time control by
the hydrodynamic floater model. The buoy mass and the mass terms of the hy-
drodynamic model are represented in the physical inertia of the wave emulator to
avoid calculations with noisy acceleration signals. If tests at scale are desired, the
WEC can be scaled with Froude scaling while the identical normalised load condi-
tions are maintained. This is accomplished by introducing a compensation method
which appoints extra inertia to the setup.

1
Introduction
The conversion of ocean wave energy to electricity can offer a contribution to the
supply of renewable energy in the future. Accounting for wave climate regions
in the power range of 10-30kW/m wave front, the global technical resources are
estimated to 200-1000TWh/year [4], compared to a global electricity consumption
of 16 429 TWh in 2007 [5].
Various Wave Energy Converters (WECs) are being researched, designed, built
and tested all over the world. The WECs can be divided into three main classes:
oscillating water columns, oscillating bodies, and overtopping devices [6]. The
Power Take-Off (PTO) systems researched in this work have been tested in simu-
lations of an oscillating body WEC. It is a buoy of which the diameter is relatively
small compared to the incident wavelength and is therefore referred to as a point
absorber. The floating buoy is moved by the exciting wave forces and will con-
sequently move in an oscillatory way according to six degrees of freedom. The
only motion considered in this work is the up and down movement, referred to
as heave. Inside the buoy, a PTO system extracts energy from the movement of
the buoy relative to the seabed, and converts the absorbed energy into electrical
energy.
The PTO systems modelled, described and used in the simulations of this work
are all based on the conversion of the absorbed wave energy to electricity by means
of a rotary electrical machine, in a pure electromechanical PTO. Point absorbers
can also consist of a hydraulic PTO such as in [7, 8], or a linear generator such as
in [9] with the additional difference that the generator unit is located on the seabed.
The relative movement between two floating bodies can also act as energy source,
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which is illustrated by the motion between a deep-draught spar and a buoy with
a linear generator between the two in [10]. Other point absorbers with a rotary
generator can be found in amongst others [11, 12].
In a point absorber moving relative to the seabed, one way of converting the
vertical motion to a rotation, is by using a cable connected to the seabed and wind
it onto a drum inside the buoy. Alternatively, a vertical pile could be constructed,
allowing the buoy to move alongside the pile. Both principles are studied in this
research and described in the corresponding chapters. One main difference be-
tween the two variants is that the drum and cable system can only absorb wave
energy in one direction of the movement, while a system alongside a pile, such as
a rack and pinion, can act in both directions.
Part of the work presented in this PhD was performed during the FlanSea
project [13] during which a test buoy was developed and built. This test buoy -
the Wave Pioneer - is a point-absorber type consisting of a buoy connected with
the seabed by a cable.
After the project, further research was performed on the topic of PTO dimen-
sioning to get better insight in the potential reduction of installed power. Addi-
tionally to the drum and cable topology, two other systems were modelled and
studied in simulations: a rack and pinion system, and a power split transmission
PTO. These topologies can apply PTO forces in both directions, unlike the drum
& cable PTO. Although the infrastructure works might be more cost intensive, the
required torque for a bidirectional PTO is found to be lower (halved in [14,15]) to
achieve similar power production as with a unidirectional system.
Next to the simulation work on PTO optimisation, a wave emulator lab steup
has been further elaborated. The lab setup provides an accessible and controllable
test bench for PTOs. Once a selection of a PTO has been done by using the sim-
ulation results, it is advisable to check its suitability and durability in demanding
wave energy conditions by tests in a protected laboratory environment instead of
directly in a WEC at sea. The lab setup provides a fully interactive wave emulator
where the PTO experiences the same (normalised) torques and speeds as it would
in a WEC at sea. Experimental tests of the wave emulator motion showed good
correlation with the motion of the WEC in simulations using equal power take-off
forces, and is thus validated as a valuable tool in future PTO development. For
example, the setup has been used to confirm the assumption of the quasi static
efficiency model in the framework of this work.
The hydrodynamic part of the simulation model originates from earlier re-
search at Ghent University [16, 17], but was translated to the Simulink® environ-
ment to decrease the calculation time and facilitate the implementation of different
PTO models.
CHAPTER 1 3
Objectives and approach
The conversion of wave energy to electricity can be split in two main processes:
the absorption of the wave energy, and the conversion of the absorbed energy to-
wards electrical energy. The performance of the first part is determined by the
hydrodynamic response of the floater, which is logically influenced by the wave
conditions but also by the magnitude of the PTO force at each moment. The ef-
fectiveness of the second process is dependent on the efficiency of the PTO. To
quantify the electrical yield, the performance of each process must be considered
because both of them influence the magnitude of the electrical output. Previously,
most research focussed on optimising the absorbed power without accounting for
the characteristics of the PTO, or with important simplification with respect to the
PTO characteristics. However, it is of the utmost importance to consider the to-
tal process in an integrated approach because the two parts are inextricably linked
with each other.
Therefore a realistic PTO model was developed to interact with the existing
hydrodynamic model of the point absorber. In this simulation model the main
PTO characteristics are included: the operational range of torque and speed (i.e.
installed power), dynamic behaviour (inertia), transmission ratios and not at least
the efficiencies of the drive train components.
The integrated approach also means that the control parameters are adapted
not only to the changing wave conditions, but that they are optimised for every
change in PTO configuration to maximise the WEC performance. Furthermore,
the selection of control parameters must account for both floater and PTO con-
straints. The use of reactive control to improve the performance of a WEC has
already been studied in the 1970s [18, 19] and its importance has more recently
been pointed out in [20–22] for a similar PTO as studied in this work. It is also
found in literature that respecting the constraints of the WEC may not be under-
estimated and that the choice of the control parameters thus needs to incorporate
this [23, 24].
The presented argumentation can be summarised as the need of a holistic view
in wave energy research and is seen as a great challenge for this relatively new
technology. [25] states that ”no single component should be optimised without
considering the others” while wave energy is ”still in the early stages of research
and development”. This is confirmed by [26] requiring a highly integrated ap-
proach and is called ”a significant problem” by [27]. A holistic performance anal-
ysis has been performed for an oscillating water column (OWC) system in [28]
which starts by stating that selecting the optimum turbine remains a current re-
search topic although the fact that OWC systems are one of the most studied WEC
systems.
4 INTRODUCTION
In this work, the holistic approach is performed on the technical side of the
PTO, its characteristics and performance, and its interactions with the floater, thus
also accounting for the floater constraints.
The final objective of this work is to facilitate the dimensioning of the PTO for
a chosen location. Indeed, rather than optimising the power production in each sea
state, the yearly yield at the location should be quantified based on the occurrence
of each sea state [29]. Evaluating the yield as a function of the PTO configuration
enables a PTO dimensioning in the most profitable way to achieve the project re-
quirements. These requirements can differ, sometimes a project aims at maximum
profitability, while other projects might demand a certain annual energy yield. Al-
though the study of this work is delineated at determining the average yearly yield
as a function of changing configuration characteristics, the methods used are pro-
posed as a tool for a techno-economic analysis for the selection of the best PTO
configuration for a defined location.
The intermediate objectives are to map the influence of the main characteristics
of the PTO configuration on the energy yield. The installed power determines the
magnitude of the available PTO force and influences substantially the degree to
which a WEC can absorb power from the waves. However, the installed power is
determined by the rated torque and rated speed, and therefore the operational speed
range has to be considered as well. By starting to choose the operational range of
torque and speed wisely, and using the machine up to its limits (i.e. super-rated us-
age), a significant reduction in installed power can be achieved without sacrificing
substantially in power output. Additionally, the power absorption can be improved
by optimising the rotary inertia of the PTO as it influences the hydrodynamic re-
sponse. Finally the magnitude of the nominal efficiency of the components obvi-
ously affects the electrical power output, but also the shape of the efficiency along
the operation range in torque and speed substantially influences the yield.
Essential for the economic viability is the reduction of the installed power to
minimise its cost. Although the PTO contributes for only a part of the manufactur-
ing cost (approximately 20% - 30% of the total manufacturing cost [30–32]), and
logically also the installation and infrastructure works should be considered, it is
clear that a cost reduction is beneficial to achieve a successful market penetration.
The energy yield will determine the revenue, and thus by presenting the yield for
different combinations of installed power, a subsequent cost-benefit analysis can
point out the most profitable option. In reality it is not always the most performing
machine that wins, and certainly in an early market introduction with low sales
volumes, the ready available off-the-shelf machine is probably much cheaper than
a custom made design and can therefore be more profitable, even if its efficiency
is lower.
In a comparison of PTO systems, the operational costs should not be neglected.
CHAPTER 1 5
And to honour the holistic view, an environmental impact assessment [33] and a
life cycle assessment is at its place to design a WEC in a sustainable way and/or
to choose for the options with the smallest impact towards the environment and
future generations.
The proof of the pudding is in the eating... Once a system has been defined
and designed, it will have to demonstrate its suitability in action. Inherent to a
WEC at sea is that the remote location and variable weather conditions complicate
the accessibility. Consequently it is advised that PTO systems - or their separate
components - are tested before they are subjected to the harsh load conditions
in a WEC. To provide a tool for this, a lab setup consisting of a wave emulator
has been developed and built in the framework of this work. The wave emulator
is controlled by an interactive hydrodynamic model and thus providing identical
load conditions to the PTO (component) under test in the setup. If tests at scale
are preferred, the design includes a method to maintain equal normalised load
conditions after Froude scaling.
Outline of this work
The second Chapter of this work describes the hydrodynamic model calculating
the response of the floater under influence of the PTO force and exciting wave
force. It is meant to give the essential background information of the model based
on linear theory. The basic principles are explained on which the reactive control
is inspired and the constraints of the floater motion are discussed.
In the third Chapter the core elements of the electromechanical PTO are mod-
elled: the electrical machine that converts the mechanical power to electrical power
and the variable frequency drive. For the machine, the dynamic behaviour is con-
sidered as well as the efficiency as a function of the actual operating point, within
a predefined working range of torque and rotational speed. A quasi static model
concerning the efficiency as a function of the actual torque and actual speed is
assumed and validated with experimental tests. The variable frequency drive is
entered in the model with a fixed efficiency value over its operational range.
Chapter 4 describes the concept and development of a lab setup consisting
of a wave emulator controlled by an interactive hydrodynamic model. After em-
phasising the importance of a real-time emulation of the hydrodynamic force, the
representation of the floater and sea in the setup is explained. Next, Froude scal-
ing is carried out and the undesired consequence of increased rotational speed is
compensated by appointing extra inertia to the setup. Subsequently, the proposed
concept is used to dimension the setup. As a last step, the adequacy of the wave
emulator has been validated by comparing the motion of the setup with simulation.
The fifth Chapter is the first of three chapters in which a PTO topology is mod-
elled and studied. This first PTO system consists of a drum and a cable to con-
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vert the heaving buoy motion to a rotation. After describing the PTO model and
sketching the system’s specific control, a set of sensitivity analyses were carried
out, as part of a process to optimise the PTO both in performance as in reduction
of installed power. The efficiency has been analysed both in terms of nominal
magnitude as in terms of shape along the operational range. The impact of the
location and corresponding wave climate has been studied and yields are quanti-
fied for a variety of system configurations, varying in efficiency, installed power,
inertia, and rated torque and rated speed. The distinction between a geared and
direct drive transmission has also been mapped.
The outline of Chapter 6 is mainly analogue to the previous chapter but deals
with a bidirectional PTO system comprising a rack and pinion. This PTO topology
can exert PTO forces in the two directions, which also means that the equivalent
PTO mass of the rotational inertia incorporates an increase of the total system mass
of the spring-mass system.
Chapter 7 introduces a novel PTO system consisting of a power split trans-
mission (PST) of the patent [3]. The PST under study is a planetary gear system
of which all three shafts are able to rotate. The system aims at a conversion of
the bidirectional motion inherent to a heaving buoy to a unidirectional rotation of
a main generator equipped with a flywheel by controlling an auxiliary machine
on the third shaft. This additional degree of freedom brings extra complexity to-
wards the PTO model and the control. After composing the PST model, a proof
of concept has been established by including the PST model in the hydrodynamic
simulation environment. Subsequently a series of sensitivity studies is performed
to explore the potential of the topology and to optimise the absorption perfor-
mance. A control strategy is proposed including a reactive component to increase
the power absorption. Next, the chapter focusses on the electrical power output to
optimise the PTO configuration with the methods also used for the previous two
topologies.
The last chapter, Chapter 8, contains the main conclusions of this work and
suggestions for future research.
2
Hydrodynamic Model
In this chapter the hydrodynamic part of the used simulation model will be de-
scribed. It is meant to give the essential information to understand the executed
simulations and interpret the results, without going into all details. More in depth
information can be found in [16, 17, 34]. Some parts of this chapter were used
to clarify the hydrodynamic model in the publication of the wave emulator lab
setup [35].
2.1 Working principle of a heaving point absorber
All simulations in this work have been done assuming a heaving buoy point ab-
sorber for which the time domain simulation model was available from earlier
research at Ghent University [16, 17, 34]. The point absorber is used as an ex-
ample of a wave energy converter with an oscillatory power input, the methods
presented in this work might as well be applicable to other oscillatory (renewable)
energy converters. One of the main characteristics of a point absorber concern the
horizontal dimensions, which are relatively small compared to the incident wave
length. The horizontal dimension in case of a body of revolution is the diameter.
A freely floating buoy is subjected to the wave induced forces and moments
and will start to oscillate in six degrees of freedom as a result. The only mode
considered in this work is the heaving motion, which is understood as the ver-
tical relative motion between the buoy and the sea bottom. Due to this motion,
the power take-off (PTO) in the wave energy converter (WEC) can subsequently
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Figure 2.1: Point absorber buoy with a drum and cable PTO
Figure 2.2: Point absorber buoy around a pile with a rack and pinion PTO
absorb the wave energy and convert it into electricity.
The detailed working principle of the different studied PTOs is given in the
respective chapters. The following explanation aims at giving an overall view
on the working principle of the complete WEC and the conversion of the linear
heave motion towards a rotation. For this conversion, two variant systems will be
discussed. In the first variant, illustrated in Fig. 2.1, the buoy is connected to the
seabed by a cable. In the buoy, the cable is wound onto a drum. Assuming that
the cable is always kept under sufficient tension, the drum will start to rotate when
the buoy is pushed upwards by the incident wave. In our examples, the drum-PTO
is located inside the buoy, but the same principle is valid for a drum-PTO on the
seabed and the cable fixed to the buoy. Having a cable between the seabed and the
WEC, leads to the fact that power can only be absorbed in one direction, during
the upwards movement for the example in Fig. 2.1, and to the necessity of a PTO
being able to keep the cable taut in the other direction.
The second variant, depicted in Fig. 2.2, consists of a rack and pinion com-
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Figure 2.3: Point absorber buoy around a pile with a rack and pinion PTO based on a
platform
bination and has the big advantage of being able to extract energy in both the
upwards and the downwards movement. In the studied examples, the floater is as-
sumed to be mounted around a vertical pile fixed in the seabed with a rack mounted
alongside the pile (or equivalent, as long as the PTO forces can be applied in both
directions towards the floater). The pinion, running on the rack and thus driving
the rest of the PTO, is located in the floater. The same working principle is valid if
the PTO was to be put on top of the pile or on a platform as sketched in Fig. 2.3,
and a separate rod with a rack attached to the buoy would drive the pinion and
subsequently the complete PTO. The latter configuration can have advantages in
accessibility of the PTO and easier cable connection towards the grid as the PTO
itself does not move, only the buoy. Thus, a fixed cable can be used for the grid
connection in contrast to a PTO in the floater, where the cable will be subjected to
heavy motions.
2.2 Terminology
While this work has a strong electromechanical focus, wave energy needs a holistic
approach. The PTO cannot work without a hydrodynamic actuator, and vice versa
is a floater unable to generate electricity without a PTO. It is also important to
understand some basic marine terms and account for related physical boundaries
to ensure realistic simulations. This section provides a short overview of important
terms illustrated by Figures 2.4, 2.5 and 2.6.
WEC The Wave Energy Converter is the device that converts wave energy into
electricity. It is the whole of the floater and PTO.
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Figure 2.4: A buoy in still water
Figure 2.5: Buoy position z, relative position and actual wave elevation ζ
Figure 2.6: Wave amplitude, height, crest and trough
CHAPTER 2 11
PTO The Power Take-Off system converts the motion energy coming from the
waves into electrical energy. In this work the PTO is defined as the complete
electromechanical drive train from the components that convert the translational
motion to a rotation up to the variable frequency drive that controls the machine.
The drive can either output a DC current to inject on a common DC bus of an array
of WECs, or directly output an AC current.
Still water level The water level in absence of waves. It is often used as a refer-
ence for displacements, and therefore z = 0 at the still water level.
Still water line The still water line of a floating device is the line made by the
water around the body in water without waves. It is the reference point to define
the vertical displacement z of the floater relative to the still water line.
Buoy position z The buoy position is the vertical position measured between
the buoy’s still water line and the still water level at the vertical axis of the buoy.
Wave elevation ζ The actual wave height relative to the still water level at the
vertical axis of the buoy.
Relative position The relative position of the buoy is the distance between the
actual water surface and the still water line at the vertical axis of the buoy:
relative position = z− ζ. (2.1)
Sinkage The sinkage is the distance between the actual water surface and the
still water line when the still water line is below the water surface, i.e. when the
buoy immerses in the water. It is thus the absolute value of the relative position
when it is negative:
sinkage = abs(relative position)|relative position<0 (2.2)
Lift The lift is the distance between the actual water surface and the still water
line when the still water line is above the water surface, i.e. when the buoy emerges
from the water. It is thus the relative position of the buoy when it is positive:
lift = relative position|relative position>0 (2.3)
Crest The highest point within one wave length above the still water level.
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Table 2.1: Significant wave height Hs [m] and mean wave period Tm [s] of the six used
sea states in this work.
SS1 SS2 SS3 SS4 SS5 SS6
Hs 0.25 0.75 1.25 1.75 2.25 2.75
Tm 4.15 4.67 5.53 5.95 6.21 6.59
Trough The lowest point within one wave length below the still water level.
Wave height The vertical distance between crest and trough.
Amplitude Half of the wave height of a regular wave.
Wave length The horizontal distance between two successive troughs or crests
of a regular wave.
Wave period The time it takes for one complete wave length of a regular wave
to pass a certain point.
Sea state (SS) In real seas, the waveform can be considered as the sum of a
large number of regular components of different amplitudes, periods and direc-
tions. Various wave spectra can be measured at different times and can be identi-
fied by their significant wave height Hs and mean period Tm. They can be divided
in ranges of significant wave height, called sea states (SS). In this work, six sea
states have been defined based on a moderate wave climate as a base for the cal-
culation of the exciting wave force with WAMIT® per sea state (SS) for the given
WEC using a JONSWAP spectrum [36] and for infinite water depth. The six sea
states have significant wave heights from 0.25 m to 2.75 m and mean periods of
4.15 s to 6.59 s as listed in Table 2.1.
2.3 Hydrodynamic simulation model
The hydrodynamic time domain model which is used, and the explanation thereof,
is based on the model described in the PhD of Griet De Backer [17], and is based
on linear potential theory. The model has been validated in a wave flume for a
heaving buoy moving around a pole in [34]. For a buoy which is cylindrical at
the water line and has a cone shape at the bottom, a difference was found of less
than 10% between the average absorbed power of the wave flume experiments and
simulations.
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Figure 2.7: A partially decomposed representation of a buoy with the hydrodynamic force
F hyd and the PTO force FPTO
The hydrodynamic model is the basis to calculate the position, speed and ac-
celeration of the heaving buoy at every instance. Therefore an equation of motion
taking account for all forces acting on the buoy needs to be developed. It was previ-
ously implemented in Matlab® code, and has been translated to Matlab-Simulink®
for this work, with a significant gain in simulation time.
Principally the floater is a mass m with two forces working on it, the hydro-
dynamic force Fhyd and PTO force FPTO. Only the vertical force component of
these forces is considered in this work, as illustrated in Fig. 2.7. The equation of
motion, with z the vertical displacement of the buoy, is thus:
m
d2z
dt2
= Fhyd + FPTO (2.4)
2.3.1 Hydrodynamic force
The resulting force of the water acting on the WEC is defined as the hydrodynamic
force Fhyd. It can be described as the sum of the exciting wave force Fex, the
restoring force Fres, and the radiation force Frad:
Fhyd = Fex + Fres + Frad (2.5)
Before the terms of this equation are explained in detail, it is interesting and
almost necessary to know that a floating buoy on the water acts as a mass-spring-
damper system. The spring is the restoring force Fres. The more a floating device
is pushed in the water, the higher the so-called Archimedes or buoyancy force
becomes, just as with a spring. Together with the gravitation force and when the
floater is cylindrical around the water line, the water acts as a linear spring with
restoring force Fres. The system also has an internal damper: the hydrodynamic
reaction force will damp the motion due to the generation of radiation waves, this is
included in the radiation force Frad. One of the functions of the PTO is to act as the
external damper. When the waves act on the buoy, the mass-spring-damper system
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is excited by an external force: the exciting wave force or shortly the exciting force
Fex.
The model assumes a buoy in pure heave motion, in a single degree of freedom.
The following subsections describe the different terms of Equation (2.5).
2.3.1.1 Exciting wave force
The exciting wave force is based on calculations with WAMIT® and is the force
that a body would experience if kept still in a passing wave, with the still water
line at the still water level. This term of the hydrodynamic force is movement
independent and is thus read from a time series of processed WAMIT® calculations
per sea state (SS) for the given WEC using a JONSWAP spectrum [36]. Six sea
states were generated for significant wave heights from 0.25 m to 2.75 m and mean
periods of 4.15 s to 6.59 s.
2.3.1.2 Hydrostatic restoring force
The hydrostatic restoring force includes the Archimedes force Farch and the grav-
ity force Fg. It can also be expressed as the spring force in the mass-spring-damper
analogy for a WEC that is cylindrical around the waterline:
Fres = Farch − Fg = ρg [V (t)− V0] = −kz (2.6)
The spring constant k is therefore called the hydrostatic restoring coefficient
and is expressed as k = ρgAw, where Aw is the waterline area, g the gravity
constant, ρ the density of the water, z is the vertical position of the buoy relative to
the still water line, V (t) the instantaneous, submerged buoy volume and V0 being
the displacement volume at rest.
2.3.1.3 Radiation force
The radiation force Frad is defined as the hydrodynamic reaction force due to the
motions of the floating body in still water. The radiation force can be formulated
as
Frad = −ma(ω)d
2z
dt2
− bhyd(ω)dz
dt
(2.7)
in the frequency domain with ω the angular frequency of the wave and bhyd the
hydrodynamic damping coefficient, and ma the added mass. However, a time
domain approach is required due to the necessity of considering irregular seas and
due to the nonlinearities induced by the cable and the control strategy. In the time
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domain, the radiation force Frad can be decomposed in a linear added mass term
and a convolution product [34, 37]:
Frad = Frad,1 + Frad,2 (2.8)
Frad,1 = −ma,∞ d
2z
dt2
(2.9)
Frad,2 = −
∫ t
0
Kr(t− τ)dz(τ)
dt
dτ (2.10)
where ma,∞ is the infinite frequency limit of the added mass, it is defined as the
factor by which the buoy’s vertical acceleration has to be multiplied to obtain the
acceleration dependent component of the hydrodynamic reaction force, and can
therefore be interpreted as the mass of the water surrounding the buoy and moving
along with it. Kr is the radiation impulse response function obtained by Fourier
transformation of the frequency domain hydrodynamic parameters of added mass
and damping, which can be computed with frequency domain Boundary Element
Method codes like WAMIT®. Kr is obtained from [37]:
Kr(t) =
2
pi
∫ ∞
0
bhyd(ω) cos(ωt) dω (2.11)
The frequency to time domain utility provided by WAMIT® has been used
to determine Kr. Duclos and Cle´ment et al. [38] developed a method to obtain a
system of ordinary differential equations which are implemented in the calculation
of this component of the hydrodynamic force.
2.4 PTO Control
2.4.1 Spring-mass-damper principle
A heaving buoy on the water acts as a spring-mass system. Moreover, due to the
incident wave forces, it can be seen as an excited spring-mass system on which
an external damping force is applied by the PTO. Indeed, by damping the buoy’s
motion, the PTO can extract energy from the waves. From such a system it is
known that the maximum of energy can be extracted from the exciting force when
the system is in resonance and by applying external (PTO) damping equal to the
internal hydrodynamic damping. To reach resonance, the natural frequency ωn of
the spring-mass system has to be equal to the frequency ω of the wave, assuming
a regular wave. The natural frequency is expressed by:
ωn =
√
k
(m+ma(ωn))
(2.12)
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withm the mass of the buoy, ma(ωn) the added mass for the natural frequency,
k the spring constant or hydrostatic restoring coefficient as in Equation (2.6). As
the incoming waves on a WEC cannot be controlled, two possible interventions
to tune the natural frequency would be to change either the mass of the system,
or the diameter of the buoy to influence the spring constant. However, these two
interventions are physically difficult to accomplish, certainly when aiming at con-
trolling the natural frequency to react on variable incoming waves. Nonetheless,
a control strategy could consist of adding a supplementary mass msup [16]. To
overcome the difficulty of adding a physical mass, the supplementary mass is vir-
tualized by applying a PTO force which is proportional with the buoy’s vertical
acceleration (here along the z-axis). As this force tunes the natural frequency of
the system towards the frequency of the waves, it is called the tuning force Ftun:
Ftun = −msup d
2z
dt2
(2.13)
This results in an adaption of the natural frequency of (2.12) to
ωn =
√
k
(m+ma(ωn) +msup)
(2.14)
When neglecting all other modes of motion except the vertical translation, a
damping force Fdamp proportional with the vertical velocity of the buoy can be
applied by the PTO with external damping coefficient bext:
Fdamp = −bext dz
dt
(2.15)
Hence the theoretical PTO force consists of the damping and tuning forces.
This force is a consequence of the electromagnetic torque Tem of the machine, and
is therefore defined as the electromagnetic force Fem:
Fem = Fdamp + Ftun. (2.16)
In reality, the PTO force will differ slightly depending on the PTO topology which
might have additional requirements, such as winding up of the operational cable.
The specific requirements are explained in the respective chapters.
To prevent jitter in the simulation, the acceleration signal coming from the
hydrodynamic model needs to be averaged out sufficiently to calculate the tuning
force Ftun of Equation (2.13). In the simulations for this work, a moving average
of 150 ms was used, which is 15 calculation cycles.
2.4.2 Reactive control
Applying a tuning force by adding a (virtual) supplementary mass as in Equation
(2.13), is an application of reactive control. The use of reactive control to improve
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Figure 2.8: Dimensions of the WEC used in the simulations
the performance of a WEC has already been studied in 1970s [18, 19] and its
importance has more recently been pointed out in [20–22]. The reactive control
implies a bidirectional power flow, and the analogy with the electrical reactive
power explains the origin of the term. During a part of the wave cycle, energy
will flow from the PTO towards the hydrodynamic system which can be seen as
an energy investment to improve the energy harvesting in the next part of the wave
cycle and is therefore also called ’motor tuning’. This calls attention to the PTO
efficiency, as this invested energy is influenced two times by the PTO losses before
it is generated back to electricity.
2.5 Shape and dimensions of used WEC
For the simulations of the different PTOs in this work, a WEC with a diameter
of 5 m is chosen. It is a cylindrical buoy around the waterline with a cone shape
at the bottom. The cone apex angle is 120°. The mass of the complete WEC is
29 135 kg.
Fig. 2.8 shows the buoy’s main dimensions: a freeboard of 2.75 m, a draft of
2.4 m with a cilindrical part of 1 m below the still water line.
2.6 Constraints of the buoy dimensions and simula-
tion model
When the buoy is excited by the waves close to resonance, the movement reaches
high amplitudes. This has consequences towards the hydrodynamic behaviour
which are undesired as explained in the next subsections.
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2.6.1 Sinkage constraint
When the downwards movement is such that the sinkage is more than the freeboard
value, the buoy gets submerged and the water on top of the buoy will influence the
hydrodynamic behaviour. It can be assumed that the upwards force will decrease.
This behaviour is not included in the model, thus the hydrodynamic model is not
valid for moments where the sinkage is more than the 2.75 m, which is the height
of the freeboard of the simulated WEC.
2.6.2 Lift or slamming constraint
If the upwards movement exceeds the draft of the buoy, the body will experience
high impact forces when landing again on the water surface. This phenomenon is
called slamming. The slamming forces can cause fatigue on the WEC structure as
well as on the PTO and should therefore be avoided. Additionally, the model is
not valid when the floater leaves the water.
For the floater used in this work, the slamming constraint is reached when the
lift is higher than 2.4m, which is the draft of the used WEC.
As mentioned in Section 2.3, the model is only valid for floaters which are
cylindrical around the water line, acting as a linear spring. It is clear that our
floater is not cylindrical around the waterline once the lift surpasses 1m, but as
this is also the case for the full scale equivalent of the scaled buoy used in the
model validation of [34], this inconsistency is assumed to be included in the 10%
deviation.
2.6.3 Consequences towards power production
To secure the operation within the constraints of the WEC and the hydrodynamic
model, the control parameters of every PTO concept will have to take account for
these constraints which will influence the resulting energy yield.
Without going into detail on the PTO control in this chapter, we shortly illus-
trate the consequences. In the example of Fig. 2.9 a rack and pinion PTO is ana-
lysed in sea state 4. The chosen parameters taking account for all constraints (of
which the lift constraint is the most stringent in this case) are msup = 150 000 kg
and bext = 80 000 kg/s, as marked with a blue circle, resulting in a mean electri-
cal power of 18.7 kW. The results of the linear theory model in the colour plot
suggests that the optimum lies at msup = 150 000 kg and bext = 60 000 kg/s with
a corresponding mean power of 21.4 kW. However, these parameters result in at
least one exceedance of the lift constraint where the model is actually not valid
and the calculated hydrodynamic force would differ from the real force. More-
over, the buoy risks slamming when the lift limit is crossed. As slamming needs
to be avoided at all times due to the high corresponding impact forces, the control
CHAPTER 2 19
parameters were chosen not to cross the limit at any instance as a safety measure.
In further analyses, the results are therefore not presented beyond the validity of
the model.
Figure 2.9: Colorplot of produced electrical power as a function of the control parameters
msup and bext and contours of WEC contraints lift (blue), sinkage (black) and
PTO constraints RMS torque (magenta), speed (white)
Therefore it could be considered as suboptimal control. Consider that the ’op-
timal’ parameters for Fig. 2.9 result in only one exceedance of the lift constraint.
The simulation run of approximately 8 minutes concerns a sea state 4 with a mean
wave period of 5.95 s. Thus approximately 80 waves in the simulation run with on
average 1.25% of the produced energy per wave, while the difference between the
’optimal’ and ’suboptimal’ parameters is 12.6%. Even though realising that this
one wave inducing a very large amplitude will produce significantly more than
average, it is very likely that the WEC will be controlled suboptimally during the
other 79 waves.
This work concentrates on the dimensioning and corresponding electrome-
chanical optimisation and does not aim at improving the control algorithms, how-
ever future research on it is suggested in the concluding chapter of this work.
2.7 Conclusion
The hydrodynamic model covered in this chapter is based on linear theory. It
assumes a purely heaving buoy and can be influenced by a PTO force from which
the absorbed wave power can be quantified. The model also outputs the buoys
acceleration from which the speed and position are calculated. The floater has
some hydrodynamic constraints which are not intrinsically implemented in the
model, but are considered in the post-processing by determining the PTO control
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parameters as such that the limits are not exceeded. This hydrodynamic model can
be connected to a detailed PTO model to assess the interaction between the two.
The floater’s position, speed and acceleration are inputs for the PTO model as the
base to calculated the appropriate PTO force. This PTO force on its turn is then an
input for the hydrodynamic model.
To the extent of the possibilities of the PTO, the composition of the PTO force
is based on the maximisation of the power extraction from an excited spring-mass
system (which the floater in the waves is). Therefore, the PTO force is a com-
bination of a damping force and a tuning force. The latter is an application of
optimised control or reactive control which implies a power flow from the PTO to
the hydrodynamic system during a part of the wave cycle.
3
Modelling of electrical machine and
drive characteristics
While the WEC body converts the wave energy into kinetic energy, the PTO ab-
sorbs and converts it into electrical energy, and is therefore the core of the WEC.
The PTO - and its control - are decisive on the ability of the WEC to produce
electrical energy.
When simulating the behaviour of a WEC from a hydrodynamic point of view,
initial feasibility assessments are mostly executed using assumed PTO forces with-
out taking into account any PTO constraints nor other PTO characteristics. In a
further WEC design stage, more profound study of the PTO characteristics and
behaviour is indispensable to define and design an appropriate PTO and appraise
the yielded energy [20, 21, 24, 39, 40]. Therefore realistic simulation models of
electromechanical PTOs are developed to interact with the hydrodynamic model
of the floater. The core of the PTO is always a rotary electrical machine connected
to a variable frequency motor drive. The mechanical conversion of the linear buoy
movement to a rotation is considered a part of the PTO train, as well as any speed
and torque conversion such as a gearbox.
In this chapter the focus lies on the modelling of the machine and drive, which
are distilled into relatively simple black-box models considering torques, speed,
inertias and efficiencies. The efficiency is read from a lookup table as a function
of the actual torque and actual speed. This approach results in a shorter simulation
time than the implementation of a complete simulation model of the electrical
machine model.
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Figure 3.1: Schematic of the PTO drive train with electrical machine and variable
frequency drive
In the next chapters different variants of PTO drive trains will be discussed,
which include the machine and drive model described in this chapter.
3.1 Machine dynamics
In all studied PTO variants, the wave power is converted to mechanical power
and eventually presented to a rotary shaft of an electrical machine as depicted in
Fig. 3.1. At every calculation cycle of the simulation, a torque set-point will be
calculated which the electrical machine needs to apply. It is assumed that this
torque is also actually and immediately applied as an electromagnetic torque in
the machine (within the working range). This assumption is verified on the wave
emulator lab setup in Chapter 4 Section 4.6 as suitably accurate.
As the goal is to generate electricity, the machine is studied from a generator
point of view, although the electrical machine can act both as motor and genera-
tor. In this reference system, the electrical power is positive when the machine is
generating. According to the schematic of Fig. 3.1, the shaft torque is expressed
as
Tshaft = Tem − TJ (3.1)
where Tshaft is the torque on the machine shaft, TJ = −J dΩ/dt the inertial
torque of the rotor inertia, and Tem the electromagnetic torque applied by the ma-
chine on the rotor. Internal friction in the machine, such as from the bearings, is
not yet taken into account here, but is considered as a part of the losses comprised
in the machine efficiency accounted for in Equation (3.2).
It is clear that the torque on the shaft, passed through to the WEC, is not solely
dependent on the applied electromagnetic torque, but is influenced by the actual
rotational acceleration dΩ/dt. The machine will have to change direction every
few seconds as the WEC moves up and down, accompanied by relatively high
rotational accelerations with accordingly high inertial torques. Assume an upwards
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moving WEC, with a positive rotary acceleration of the shaft, the counter torque
Tem has a positive value (cfr. Fig. 3.1) and as a result of Tem + J dΩ/dt (3.1), the
shaft torque reaches values higher than the electromechanical torque Tem. Hence
the inertia has a significant influence on the maximum torque on the shaft and
should therefore be taken into account in the simulation and in the dimensioning
of the parts of the PTO drive train: couplings, transmission systems, etc.
3.2 Machine working region
Because of the variable nature of wave energy, it was proposed to use the machines
up to 200% of their nominal torque value, which is a general used practice with
intermittent or variable loads. This use of super-rated torque halves the required
rated torque to maintain an equal maximum PTO force. Additionally, the machines
were allowed to operate in super-rated speed range to 200% of the rated speed. In
that region the machine is used in field-weakening and thus the torque is limited
to respect the maximum power curve at every instance. A method that showed to
have only little impact on the power output for low over-speed ratios [12]. The
super-rated use of the machine has - for the operational range of up to 200% of
the rated values used in this work - as a consequence that the necessary installed
power can be reduced significantly.
3.2.1 Super-rated torque usage
Super-rated torque usage for variable load is known as good engineering prac-
tice as long as the RMS torque is kept below the rated value, which needs to be
monitored, and/or by measuring the temperature of the machine and preventing
exceedance of the maximum temperature. The mean wave period in the used sea
state ranges between 4 and 7 seconds, and temporary overload duration will not
exceed half of the wave period. The RMS torque is calculated over the simula-
tion time of approximately 8 minutes and the selection of the control parameters
is done such that the RMS torque remains below the nominal torque value.
The maximum allowed torque in this work is taken at 200% of the nominal
value. Depending on the machine type and design, higher values can be possible.
An overload factor of 200% results in a reduction of the installed power of
50% as the required nominal torque can be halved while maintaining the same
maximum PTO force towards the WEC. It could otherwise also double the avail-
able PTO force when keeping the same installed power.
The rules of thumb of good engineering practice used here are a first step to
dimension the machine of a PTO for wave energy. In the process of choosing a
type, one should consult the manufacturer on the overload capabilities.
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Figure 3.2: Limitation of torque in the super-rated speed region due to field weakening
3.2.2 Super-rated speed usage
The maximum allowed speed used in this work is 200% of the rated speed. Above
rated speed, the electrical machine is controlled in field weakening mode, resulting
in a constant power limit above rated speed instead of a constant torque limit in
the rated speed range, as shown in Fig. 3.2. Hence, the model was fitted with a
torque limitation based on the actual speed where the maximum allowed torque is
reduced above the rated speed.
Compared to a machine used up to rated speed, super-rated speed usage pro-
vides a significant reduction in required installed power by subsequently changing
the transmission ratio of the PTO drive train, or changing the number of poles of
the machine, while maintaining the same maximum available PTO force over a
large range of the working region.
3.2.3 Practical implementation
The limits of the operational range of the machine are implemented in the simula-
tion model by limiting the set point torque by the maximum available torque at the
actual speed. The maximum available torque is read from a look-up table of the
curve of Fig. 3.2.
3.3 Machine efficiency
The implementation of the machine efficiency is an indispensable step in the eval-
uation of the energy yield of a WEC concept [20, 21, 24, 41]. A first step often
taken, is the implementation of a fixed efficiency value for the complete PTO [41],
or for the components of the drive train. For some of the parts this could be an ac-
curate representation of their performance, however in most cases the conversion
efficiency is heavily dependent on the operating point, i.e. the combination of the
applied torque and actual speed.
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Figure 3.3: Machine motoring efficiency vs. normalised power output
Figure 3.4: Efficiency map as a function of normalised speed and torque
For electrical machines, efficiency graphs as a function of the output power
such as Fig. 3.3 are easily available in datasheets. Yet, it is measured at nominal
speed and thus does not provide any detail about the efficiency corresponding to
a combination of an applied torque and actual speed other than at nominal speed.
Efficiency maps [1, 42, 43] where the machine efficiency is given as a function of
both torque and speed as shown in Fig. 3.4 offer this detail, but are more difficult
to lay hand on. In such a map, a more precise value is given for an operating point
of the machine. As can be seen from the figure, there is also a difference between
the motoring (T < 0) and the generating (T ≥ 0) efficiency of a certain machine.
To illustrate the difference in values between a simple graph as a function of
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Figure 3.5: Machine motoring efficiency vs normalised torque at 100%, 75%, 50% and
25% of nominal speed
output power and a map as a function of both speed and torque, some graphs have
been distilled from Fig. 3.4. In Fig. 3.5 the efficiency is plotted vs. normalised
torque, and this for 4 different speeds. The plots illustrate that both the operated
torque and speed are sensitive parameters for the machine efficiency. It is clear
from the graphs that, next to the fact that the efficiency is highly sensitive to the
applied torque, the efficiency vs. torque drops significantly with decreasing speeds.
Fig. 3.6 shows the risk of using a graph as function of output power at nominal
speed for different operating speeds: the curve of efficiency vs. output power is
clearly not valid for the complete speed range.
The broad operation range of Fig. 3.7 confirms the need to implement the
torque and speed based efficiency map in the model.
3.3.1 Implementation of an efficiency map in the simulation
Because of the above discussed reasons, an efficiency map of the electrical ma-
chine has been implemented in the simulation model to calculate the actual electri-
cal power at every time step based on the actual torque and speed. In the Simulink
model, the actual values of electromagnetic torque Tem and speed Ω are the input
of a lookup table to find the according efficiency for the operating point. Next,
the efficiency extracted from the map is used to determine the calculated electrical
CHAPTER 3 27
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
Efficiency vs Output Power
Normalised output power
Ef
fic
ie
nc
y
 
 
Speed 100%
Speed 75%
Speed 50%
Speed 25%
Figure 3.6: Machine motoring efficiency vs normalised power output at 100%, 75%, 50%
and 25% of nominal speed
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Figure 3.7: Scatter of the operating points of the first 5 minutes of the 30 minutes test.
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machine power Pm,calc at every simulation cycle as follows:
Pm,calc =

Pem · η for Pem ≥ 0 : generating
Pem
η
for Pem < 0 : motoring
(3.2)
with Pem = Tem · Ω the electromagnetic power.
3.3.2 Static efficiency map validation for dynamic operation
Efficiency maps are recorded at steady state. To build this map, the machine is
sequentially loaded at steady state for a grid of operation points in the torque and
speed working region. Subsequently the efficiency is calculated for each point to
generate the static map. In our application, the machine is subject to a dynamic
loading and the question is raised whether the appraisal of the electrical power
calculated by means of the static efficiency map is ample accurate, in other words,
can we use a quasi static model concerning the machine efficiency. In [44] the
consumption of energy in motor mode is estimated by processing the operating
points trough the static efficiency map for six motoring trajectories of sinusoidal
torque and speed changes with frequencies from 0.002Hz to 0.1Hz. The paper con-
cludes that for all six trajectories there is a maximum divergence of 2.6% between
the predicted and measured energy. Also [1] makes use of quasi static models in
simulating machines in studying hybrid working machines.
The use of a quasi static efficiency model to appraise the energy consumption
is validated by [44] on relatively slow changes in torque and speed (maximum
frequency of 0.1Hz), however in wave energy frequencies of 0.4Hz are not excep-
tional. Higher dynamics might cause a lower correspondence with steady state
efficiency measurements. Moreover, the tests from [44] have been executed with a
periodical signal in motor mode only while the irregular waves of real sea condi-
tions envelop a broader operating spectrum and includes both motor as generator
actions. Therefore, the benchmark has been repeated on the wave emulator PTO
test setup described in Chapter 4 with real wave conditions and corresponding op-
eration points and dynamics.
3.3.2.1 Using the setup as benchmark
The wave emulator PTO test setup of Chapter 4 has been extended with electrical
measurements of voltage and current between the drive and machine to measure
the electrical machine power Pm during a masters thesis [45] in the framework
of this PhD. Earlier available measurements include a torque transducer provid-
ing Tshaft and an encoder providing the rotational speed Ω. Fig. 3.8 depicts the
different power flows and torques in the setup.
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Figure 3.8: Power flows in the wave emulator PTO test setup
Figure 3.9: Scatter of operation points of a +/- 30 minute SS3 run on the setup above the
efficiency map
The setup is run with SS3 wave conditions and reactive control (which in-
cludes instances where the machine acts as motor to increase final energy yield,
cfr. Chapter 2 Section 2.4) to ensure both operation as generator and motor. The
torque, speed and electrical power measurements are acquired at 50 Hz. For every
torque-speed combination the according efficiency is extracted from the static ef-
ficiency map as illustrated in Fig. 3.9 using linear interpolation. Subsequently the
calculated electrical machine power Pm,calc of Equation (3.2) is obtained for each
sample using the corresponding efficiency. Finally this calculated power will be
compared to the measured electrical machine power Pm,meas.
Defining the correct torque value
In steady state, the shaft torque Tshaft equals the electromagnetic torque Tem
as the inertial torque TJ is then zero. In dynamic operation however, the inertial
torque influences the resulting shaft torque significantly due to the acceleration of
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Table 3.1: Measured and calculated energy after a +/- 30 minute run of SS3
Wh
Measured energy 285.6
Calculated energy 279.1
Ratio calc/meas 97.7%
the rotor inertia. Because the torque on the Y-axis of the efficiency map is the
electromagnetic torque, this value is to be used to look up the efficiency. In theory,
Tem is known, as it should follow the torque setpoint commanded by the control. In
practice however, tests have shown it is more precise to deduce the value from the
measured shaft torque. The electromagnetic torque can easily be found rewriting
the relationship of (3.1) (again neglecting friction):
Tem = Tshaft + TJ (3.3)
Subsequently, Equation (3.2) results in the calculated electrical machine power
Pm,calc.
3.3.2.2 Comparison of net energy
A first evaluation has been done by comparing the net produced energy for both
cases: measured and calculated. About 30 minutes of measurements of the SS3
on the wave emulator lab setup have been processed. The results in Table 3.1
show a close correspondence and are a first step in validating the use of static
efficiency maps in wave energy yield assessment by simulations. Nonetheless the
small difference, this end result might be favourable due to dents compensating for
the bumps. Therefore, as a second evaluation, the cumulative sum of the energy
has been plotted in time in Fig. 3.10 showing two lines diverging only slightly to
the end without large discrepancies during the complete test. There is no clear
difference to be seen in periods with high absorbed wave power - when the slope
is higher - or periods with lower absorbed power.
To check the relative error, the ratio between the calculated and measured cu-
mulative sum of energy is given in Fig. 3.11. Already after a short time period the
variation between the measured and calculated energy converges to a difference
of approximately 2%. A slight declining trend can be observed, which is not a
problem for our application because simulation runs of approximately 8 minutes
are performed for the PTO assessments in this work.
Measurement accuracy
The relative error of the electrical and mechanical power (at torque transducer)
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Figure 3.10: Cumulative energy for measured and calculated cases
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Figure 3.11: Ratio of calculated over measured cumulative sum of energy
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Table 3.2: The four steps in maximum (nominal) efficiency for the A and B variants.
A1 A2 A3 A4
Max. efficiency [%] 95.7 94.7 93.7 92.7
B1 B2 B3 B4
Max. efficiency [%] 98.1 97.0 95.7 94.5
measurements have been estimated around 8% and 4% respectively in [45]. The
used value for the inertia can also differ from the exact value, as datasheet values
are used for all separate components, and at least a deviation of the rotor inertia
can be expected after replacement of the shaft-fixed fan by a separately powered
cooling fan.
3.3.3 Efficiency maps used in the simulations of this work
For the simulations described in the next chapters of this work, two efficiency
maps have been distilled from the same source [1]. The first map is based on an
induction machine (IM) rated 37 kW 1480 rpm and is further referred to as the A
map variant. The second map, theB map variant, is taken from a 200 kW 1500 rpm
rated permanent magnet synchronous machine (PMSM). From these maps, 4 sub
variants are made of which the maximum efficiency has been rescaled in four
steps of approximately 1%, to analyse the influence of the maximum (nominal)
efficiency’s magnitude towards the energy output. For the PMSM machine the best
efficiency is 98.1%, and for the IM 95.7%. The nominal values for all variants are
presented in Table 3.2. To be able to analyse the sensitivity of the shape of the
efficiency map, the map sub variants have been chosen such that the maximum
efficiency of the A1 variant is equal to the B3 variant. The A1 and B3 maps have
been plotted in Fig. 3.12 and Fig. 3.13 respectively.
As can be seen from the A1 map in Fig. 3.12 and the B3 map in Fig. 3.13, the
shape of the efficiency map changes significantly: the IM machine has a relatively
pointed shape, while the PMSM machine shows a much flatter region where the
efficiency is close to the maximum. Another difference is the poorer efficiency at
high torques and low speed with the IM.
3.4 Variable frequency drive efficiency
In [1] an efficiency map of an inverter is given with a very flat efficiency, ranging
from 97% up to 98.5%. Moreover, the lower efficiency zones are located at the
lower power zones. Therefore it is chosen to introduce the efficiency of the vari-
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Figure 3.12: Efficiency map for the A1 map variant vs. normalised speed and torque. The
white line represents the 200% maximum power limit in the field-weakening
region. (Based on [1])
Figure 3.13: Efficiency map for the B3 map variant vs. normalised speed and torque. The
white line represents the 200% maximum power limit in the field-weakening
region. (Based on [1])
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Figure 3.14: Simplified block diagram of the machine submodel in the PTO model with
the connection with the hydrodynamic sub model
able frequency drive as a fixed value of 98% instead of a separate map to prevent
unessential calculation time in the model. As an alternative, a map including both
machine and drive efficiency can be used if this would be available from measure-
ments.
3.5 Resulting machine and drive model
The resulting machine and drive model are visualised in the block diagram of
Fig. 3.14 as a part of the complete simulation model. The ’Control’ and ’Me-
chanical drive train’ blocks are PTO specific and therefore described in each PTO
chapter. The content of the ’Hydrodynamic model’ block is explained in Chap-
ter 2.
The control parameters are an input to determine the PTO action which is based
on the actual PTO and/or WEC speed and acceleration. Subsequently a desired
value for the electromagnetic torque Tem is transferred to the electrical machine
model where it undergoes the described characteristics of operation range, ma-
chine efficiency and inertia to output the shaft torque to the mechanical drive train
and the electrical machine power to the drive which results in the electrical out-
put power Pel. The PTO force FPTO is the input to the hydrodynamic submodel
together with the exciting wave force Fex.
A simulation run of the complete WEC model, with a time series of the exciting
wave force of approximately 8 minutes, takes around 8 seconds for the drum and
cable model, 7 seconds for the rack and pinion model, and 24 seconds for the PST
model on a standard PC (i7) in the Matlab-Simulink environment.
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3.6 Conclusion
In addition to the previously existing model a detailed PTO model is developed,
adding the machine dynamics and operating constraints to increase the similitude
of the simulation results with reality and to facilitate dimensioning of the electri-
cal machine for real life tests. Next to the implementation of the machine inertia,
a working region has been defined taking into account the variable character of
the wave energy application resulting in an installed power that can be reduced
significantly, with interesting consequences towards the cost of the machine and
drive. With this intervention the same maximum available PTO force towards the
WEC is maintained along a large part of the working range. This is effectuated
by operating the machine above rated torque and speed while monitoring that the
RMS torque remains below the nominal value to keep the machine from overload-
ing. An alternative is measuring the temperature of the machine and preventing
exceedance of the maximum temperature.
To increase the accuracy of the electrical energy yield estimation of the simu-
lated WEC and PTO concept, the machine and drive efficiency have been included
in the model. For the machine, efficiency maps have been implemented which
provide a value as a function of both the actual torque and speed at every calcula-
tion cycle of the simulation. In this pursuit to reach close similarity with reality,
steady state efficiency maps have been used. This approach permits to focus on the
total WEC system without having to worry about the accuracy of an implemented
electrical machine model. Moreover, the simulation time is shorter than with a
detailed machine model. Furthermore, a lookup table can be included for all PTO
components separately, or one for the global efficiency. After all, the method is not
limited to a purely electrical PTO, but can also be used for hydraulic PTO systems.
To validate the quasi static assumption for the machine efficiency, a benchmark
has been executed on the wave emulator lab setup of Chapter 4. The experimental
measured electrical energy and the electrical energy obtained by processing the
sampled operation points through a steady state efficiency map have been com-
pared and showed very good correlation. After a run of approximately 30 minutes
a discrepancy of only 2.3% was observed. Even shorter runs result in reliable re-
sults with also only a few percent of variation. Therefore we can assume that the
use of a static efficiency map in wave energy simulations provides an ample cor-
respondence with reality to assess the electrical output of the electrical machine.
Simulation runs of approximately 500 seconds are often used for first estima-
tions of the potential of a WEC, PTO system or subsystems. The obtained results
also support this method regarding the machine efficiency.
For both an induction machine and a permanent magnet synchronous machine,
four variant efficiency maps have been defined to study their sensitivity in the next
chapters of this work.
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The variable frequency drive efficiency has been included in the model as a
fixed value for the entire working range as its performance is relatively flat over
this range.
4
A Wave Emulator for Ocean Wave
Energy, A Froude-scaled Dry
Power Take-Off Test Setup
4.1 Introduction
Before testing a selected PTO technology in a wave energy converter at sea, a setup
in a protected and controllable environment is advisable, as interventions at a re-
mote location can be very expensive and impractical due to weather conditions.
An intermediate step may consist of tests in a wave flume or tank. However, the
(large) scale factor to be selected for such tests in general does not allow to in-
vestigate the behaviour of the electrical machines of which the PTO is composed.
For example, in [46–48] wave basin experiments have been performed, for which
the smallest length scale factor used was approximately 24 [49]. Using Froude
similarity [50, 51] this results in a scale factor of approximately 70 000 for the
power. Therefore, one might consider to reserve these tests for the study of the
hydrodynamic behaviour of the floater and opt for a dry test bench for the PTO. A
protected laboratory environment facilitates the feasibility study of a chosen PTO
topology to meet the requirements of the highly dynamic movements.
The setup’s design is primordial to obtain a realistic emulation and accurate
testing and assessment of the energy conversion by acquiring the PTO’s dynamic
response to varying incoming waves. Moreover, control algorithms and the power
take-off technology have a drastic influence on the energy conversion of the WEC
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[52]. For both hardware testing and control algorithm examination purposes, the
design described in this chapter aims at (a) maximum resemblance with a full scale
wave energy converter, (b) performing tests in a dry setup and (c) testing at equal
normalised load conditions as the full scale PTO in the buoy, even when scaled.
The resemblance should encompass the main factors of the floater’s move-
ment: it moves due to the resulting force of hydrodynamic forces and the PTO
force acting on the mass of the buoy. As a result of the motion, the buoy experi-
ences hydrodynamic reaction forces. Hence, emulating the floater motion needs
to consist of reproducing the relevant forces and masses. As described in [53],
the reproduction of the WEC’s inertia and hydrostatic restoring force are two key
elements for a realistic lab setup. Herein, the focus lies on linear actuators and
the inertia and restoring force are reproduced by means of the body of water in a
U-tube. Other linear test rigs were described in [54, 55]. For the Pelamis, a scaled
hydraulic PTO was introduced in [56]. A rotary shaft-to-shaft connected setup was
presented in [57]. In [58] tests were performed on a rotary setup for an oscillating-
water-column wave energy converter. This setup was reused to test latching con-
trol on an oscillating-water-column device in [59], and for testing speed control
strategies for an oil-hydraulic PTO in [8].
In contrast to [53], the present concept describes a dry setup where the physical
behaviour of floater body and waves is represented by rotary inertias and an elec-
tromechanical torque. Compared to the linear PTO in [54, 55] and the hydraulic
one in [56], a rotary electrical PTO is implemented. In [57], time series of torques
are used, in contrast, in this work the hydrodynamic forces are calculated interac-
tively in the emulation. Thus the applied torque of the emulator corresponds to the
actual force acting on the body in irregular waves based on the actual floater mo-
tion also accounting for changing PTO actions. This is accomplished by real-time
calculation of the restoring force and the non-linear term of the radiation force and
has the advantage that the PTO action can be varied during the tests.
For the setup presented in this chapter, a shaft-to-shaft assembly of two elec-
trical machines is proposed, they can act both as generator and as motor and are
therefore further referred to as (electrical) machine. One machine acts as a Wave
Emulator that applies a hydrodynamic force equivalent torque. Subsequently the
(scaled) PTO machine, the shaft of which is connected directly to the emulator’s
shaft, can be controlled as if it were installed in a buoy at sea. To reduce the power
of the setup, a scaling is implemented. Froude scaling [50, 51] is proposed as
it enables transformation of the entire wave energy converter and accompanying
hydrodynamic environment towards a scale model.
Parts of this chapter have earlier been published in [35, 60].
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4.2 Importance of real-time emulation of the hydro-
dynamic force
When hydrodynamic and PTO forces interact with a floating buoy, the buoy’s
movement depends on the magnitude of these forces and the mass of the buoy
and rotary inertia of the PTO. To enhance the resemblance of the setup with real-
ity, not only the forces but also the mass and rotary inertia should be reproduced.
The rotary inertia of the PTO influences the motion of the floater as it contributes
to the PTO force as an inertial force due to its acceleration. Especially when the
PTO drive train contains a gearbox, because the equivalent inertia at the slow side
of the gearbox is proportional to the square of the gear ratio.
To represent the floater and the PTO in the lab setup, the interaction between
both needs to be respected, as well as the hydrodynamic forces. The hydrody-
namic forces are described in Chapter 2 Section 2.3 and the PTO topology and its
model upon which the setup was done (drum & cable) is described in Chapter 5
Section 5.1.1. The use of the setup is however not limited to this topology.
The movement of a floating body is initially induced by the exciting wave
force, but its inertia and the PTO force acting on the body influence the magnitude
of the hydrodynamic force significantly, mainly due to the increasing restoring
force as a result of the movement. To illustrate the influence of the movement on
the total hydrodynamic force, the different calculated hydrodynamic force com-
ponents have been extracted from simulations and are plotted in Fig. 4.1. From
this graph it can be noticed that the total hydrodynamic force peaks at three times
the peak value of the exciting force. It emphasises the importance of including the
different force components of Equation (2.5) in the control of the Wave Emulator,
and not only the exciting wave force. The resulting movement of a body exposed
to only the exciting wave force would differ greatly from the movement of a body
subjected to all resulting hydrodynamic forces.
Additionally, the magnitude of the PTO action has a significant influence on the
resulting hydrodynamic force. As an example, a second simulation has been done
with different control parameters than the first simulation of Fig. 4.1. Following
the control algorithm [16] described in Chapter 2 Section 2.4, the first simulation
uses reactive control, the second simulation is done without reactive control. The
results of the latter are plotted in Fig. 4.2. The effect of the changing PTO action is
illustrated by the difference between the total hydrodynamic force Fhyd of Fig. 4.1
and Fig. 4.2. While both simulations used the same exciting wave force Fex
(dashed blue line), it is clearly visible that the total hydrodynamic force Fhyd (solid
cyan line) is much lower for the second case.
It is concluded that, to have a setup that represents reality and that can react
on changing PTO actions (and can thus handle different PTO control strategies), a
real-time calculated hydrodynamic force is crucial to control the wave emulator.
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Figure 4.1: Plot of the total hydrodynamic force and its components for a control
consisting of reactive control (msup = 60 000 kg, bext = 80 000 kg/s) in a SS3
with a 4.4m diameter buoy with a drum & cable PTO.
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Figure 4.2: Plot of the total hydrodynamic force and its components for a control without
reactive control, i.e. pure damping (msup = 0 kg, bext = 80 000 kg/s) in a SS3
with a 4.4m diameter buoy with a drum & cable PTO.
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4.3 Lab setup
4.3.1 Representation of the floater and sea in the setup
As the intended layout of the setup is a shaft-to-shaft connection of two electrical
machines, the wave emulator machine needs to provide the identical torque to the
shaft of the PTO machine as in a real wave energy converter. Thus the floater and
the sea need to have an equivalent representation at the PTO machine shaft.
4.3.1.1 Hydrodynamic force and mass
The floater in the water can be seen as an inertial mass with two forces acting
on it, the hydrodynamic force and the PTO force. The wave emulator machine
has a rotary inertia where two torques act upon, the electromagnetic torque and
the torque from the shaft. Therefore it is proposed that the hydrodynamic force is
converted to a torque, implemented by the electromagnetic torque, and the mass is
converted to a rotary inertia to be represented by the rotor inertia of the machine
adjusted with a flywheel if necessary.
Next to the buoy mass, a part of the hydrodynamic force can also be inserted
physically in the setup. The linear added mass term of the radiation force, Frad,1 of
Equation (2.9), is proportional with the buoy acceleration and is therefore referred
to as the hydrodynamic inertia term. It can be seen as the inertia force due to a mass
of waterma,∞ surrounding the buoy moving along with the buoy mass. When this
force was to be calculated based on the derivative of a speed measurement in the
setup, this would result in a noisy outcome. Therefore it is proposed to combine
the added mass ma,∞ together with the buoy mass m to be physically represented
in the inertia of the wave emulator. Therefore the hydrodynamic force is split up in
a part that is calculated, Fhyd,calc, and the linear added mass term of the radiation
force Frad,1 which is physically represented. Fhyd,calc is thus defined as
Fhyd,calc = Fhyd − Frad,1 = Fex + Fres + Frad,2. (4.1)
Consequently the equation of motion can be written as
(m+ma,∞)
d2z
dt2
= Fhyd,calc + FPTO. (4.2)
Fig. 4.3 schematically illustrates the representation of the floater and sea in the
lab setup. In contrast with the cable that can only transfer forces in one direction,
there is a fixed coupling between the PTO machine and the emulator machine. This
is tackled by a torque transducer (HBM T22) in between the two shafts. The torque
between the shafts is a measure for the cable force and is used to monitoring the
cable force, and thus assess the ability of the PTO control to keep the cable under
tension at all times.
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Figure 4.3: Schematic presentation of the correspondence between the floater at sea and
PTO drive train with the setup
4.3.1.2 Emulator torque and inertia
The equivalent torque Thyd of the calculated hydrodynamic force is found using
the same relationship between the PTO force and the shaft torque as in Equation
(5.1):
Thyd =
r
Rg
Fhyd,calc (4.3)
The equivalent rotary inertia for the buoy mass and added mass can be ex-
pressed as
Jeq =
(m+ma,∞)r2
R2g
, (4.4)
considering that the masses can be seen as moving along the drum with radius r
and a gearbox with gear ratio Rg between the drum and machine shaft. Note that
Equations (4.3) and (4.4) do not include any scaling, but only provide a rotary
equivalent.
4.3.2 Configuration
The configuration of the setup is illustrated in Fig. 4.4. Each machine is connected
by a frequency controlled motor drive and is provided with a forced cooling fan
to assure ventilation at lower speeds. To optimise the resemblance with full scale,
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Figure 4.4: Schematic of the configuration of the setup
it is advised that the (scaled) PTO machine is of the same product line as in the
full-scale PTO. Next to the electrical machine, also the drive and other components
need to be selected to have a close match. This has as additional advantage that
drive settings can be tested and set in the lab environment and can afterwards easily
be transferred to the real system.
4.3.2.1 Control
The calculation of Equation (4.1) is programmed in Matlab-Simulink®, subse-
quently compiled to a dSPACE® rapid control prototyping card. The card has
an embedded processor where the code is run to read inputs and control outputs.
The program runs at 100Hz, which is based on the time-step chosen by the vari-
able time-step solver of Matlab-Simulink. As the model supposes that the floater
moves in a pure heave motion and the cable is always kept taut, the drum speed
and the length of the unwound cable is directly linked to the vertical speed and
position of the floater. Thus the actual encoder position of the setup is read and
used to calculate the buoy position and velocity. In this way, the measured signals
are used to calculate the torque setpoint of the emulator in real-time which is sent
to the drive by means of an analogue signal.
The implementation of the rapid control prototyping card provides great flex-
ibility for extensive testing of the PTO and control algorithms. This type of card
was chosen as it includes software enabling easy compilation of Matlab-Simulink®
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code to the embedded processor of the card.
Also the PTO can be controlled by the dSPACE® environment, or as an alter-
native, by a programmable logic controller (PLC) identical to the one used in the
WEC at sea, to test this part of the drive train.
4.3.2.2 Grid connection of the setup
As an energy saving measure, the two drives are connected on a common DC-bus,
and only the wave emulator drive is supplied from the grid as shown in Fig. 4.4.
At most of the instances in time when one of the machines acts as a motor, the
other machine is acting as a generator. Nevertheless, this behaviour is not always
synchronous and depends on the applied PTO-control. Consequently, moments
occur where one of the machines is generating at higher power than the other is
consuming as motor. However, the rectifier of the drive is not regenerative, and a
significant amount of energy is available in the rotary inertias, which the capacitors
in the drives can not store. Therefore a dump load is necessary to dissipate exces-
sive energy on the DC-bus when the actual generating power exceeds the actual
consumed motor power.
The dimensioning of the dump load is WEC-device specific and can be calcu-
lated in simulation by summing the instantaneous powers of the PTO and emulator
so that it can dump the peak generated resulting power.
By interconnecting the two drives on the DC-bus level, the consumed energy
of the setup is reduced significantly: only the drive-train losses plus the dumped
energy are taken from the grid.
4.4 Scaling
4.4.1 Froude scaling
To keep the installed power of the setup within the range of tens of kilowatts, a
downscaling is necessary. The scaling proposed in this work consists of downscal-
ing the complete wave energy converter and wave conditions, and subsequently
represent this (virtual) scale model and scaled waves in the setup. Physical quan-
tities of moving marine constructions can be scaled using Froude’s Law [50, 51].
This is a common method for physical scale model tests in wave flumes [34,61,62],
and is also proposed for this dry lab setup because it enables easy transformation of
data and parameters from the full scale design to the scale model, and backwards.
Next to the power, all hydrodynamic parameters to obtain the calculated hydro-
dynamic force need to be scaled as well. Including the timeseries of the exciting
wave force, where not only the force is scaled, but also the time. Alternatively,
timeseries of exciting wave force and hydrodynamic parameters can be generated
based on the dimensions of the scaled floater. Both methods are equivalent.
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Table 4.1: Froude Scaling Factors for Different Quantities and the Compensated Froude
scale factors after speed compensation (cfr. Section 4.4.2)
Quantity Unit Froude scale factor
Compensated
Froude scale factor
Length/distance m µ µ
Mass kg µ3 µ3
Force N µ3 µ3
Torque Nm µ4 µ4
Time s µ0.5 µ0.5
Velocity m/s µ0.5 µ0.5
Acceleration m/s2 µ0 = 1 µ0 = 1
Linear damping kg/s µ2.5 µ2.5
Power W µ3.5 µ4
Rotational speed rpm µ−0.5 1
Mass moment of inertia kg.m2 µ5 µ4.5
The Froude scaling factor µ is the ratio between a length measurement (for
example the diameter) of the full scale design LF and the model scale LM .
µ =
LF
LM
(4.5)
The scale factors for other quantities according to Froude’s Law can be found
in Table 4.1. To dimension the setup, the relationships for torque and inertia are
necessary:
Tmodel =
Tfullscale
µ4
(4.6)
Jmodel =
Jfullscale
µ5
(4.7)
The consequence of Froude scaling is that the rotational speed of the machine
in the scaled model is greater than in the full scale since
nmodel = nfullscale
√
µ. (4.8)
This is undesirable because the setup aimed at testing the PTO at equal nor-
malised load conditions as at full scale. Fig. 4.5 displays that the load condi-
tions change significantly due to the Froude scaling: the scaling increases the nor-
malised speed at every instant. Two load profiles - normalised torque vs. rotational
speed - are plotted. The upper plot shows the load profile at full scale, the lower
profile shows the load profile of the machine in a Froude scaled model where it is
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Figure 4.5: Applied torque-speed path (blue dashed) for the full scale (upper figure) and
for the Froude scale model (lower figure) with the nominal (black) and 200%
of nominal working range (green)
clear that the speed of all working points is increased significantly. To tackle this,
a compensation method is proposed.
4.4.2 Compensation by inertia to adapt speed after Froude scal-
ing
As a solution to the increase in rotational speed due to the Froude scaling, it is
proposed to add inertia to the Froude scaled value of inertia of both the PTO side
and the emulator side of the lab setup. By doing so, the speed decreases when
applying an identical sequence of torque set-points to the setup. By using the right
value of this additional inertia, the load curve corresponds to the full scale.
To appraise this value, Jmodel and Ωmodel are defined as the Froude scaled in-
ertia and angular velocity, and Jcomp and Ωcomp as the speed-compensated inertia
and angular velocity. The intention is to reduce the speed back to the values of the
full scale, hence
Ωcomp =
Ωmodel√
µ
(4.9)
As the torque sequence is kept equal in both situations, the following expression
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is valid:
T = Jmodel
dΩmodel
dt
= Jcomp
dΩcomp
dt
(4.10)
and by inserting Equation (4.9) in Equation (4.10), the speed-compensated
inertia is found:
Jcomp = Jmodel
√
µ (4.11)
The compensated inertia should thus be
√
µ times larger than the Froude scaled
value so that the normalised load curve of the setup corresponds with the nor-
malised load curve of the full scale. This can be implemented by adding a flywheel
to the inertia of the machine rotor to reach the compensated value, for both PTO
machine and wave emulator machine.
The Compensated Froude scaling factor for the inertia is thus:
µ5√
µ
= µ4.5. (4.12)
4.4.2.1 Consequences of the compensation towards the emulator control
The calculation of the hydrodynamic torque for the emulator setpoint is based on
the buoy position and speed. The computation of the buoy position and speed in the
emulator control is based on the encoder data of the machine shaft and therefore
needs to account for this compensation factor
√
µ too. The linear velocity of the
Froude scale model for the case of the Wave Pioneer, consisting of a cable on a
drum connected with a gearbox to the PTO machine, can then be expressed as:
vmodel =
2pi rmod ncomp
60Rg
√
µ (4.13)
where ncomp is the actual rotational speed in rpm of the compensated setup,
Rg the gear ratio and rmod the radius of the drum in the scale model. Note that the
gearbox ratio is not affected in the scaling.
4.4.2.2 Consequences of the compensation towards interpreting the results
Another implication is that the actual power Pcomp of the PTO machine no longer
corresponds with the Froude scaled power Pmodel. If the power of the scale model
is to be evaluated, it can be found as follows:
Pmodel = Pcomp
√
µ. (4.14)
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And the Compensated Froude scaling factor for the power is:
µ3.5 · √µ = µ4. (4.15)
4.5 Sizing the Setup
4.5.1 PTO torque
The nominal power of the scaled PTO is chosen to be large enough to maintain
close correspondence with the dynamic behaviour of the full scale PTO. A machine
of 11 kW was chosen for this setup. The nominal torque of this machine is chosen
as the starting point for the calculation of the Froude scale factor. This is justified
by the fact that one of the main purposes of the setup is the assessment of the
dynamic response of the PTO by keeping its relative load equal to the relative load
of the full scale. However, other starting points for the scaling are possible. Thus,
the scale factor is assigned as the ratio of the nominal torque of the full scale PTO
TnomF and the nominal torque of the scaled model TnomM:
µ = 4
√
TnomF
TnomM
(4.16)
Based on this Froude scale factor, the dimensions of the virtual scaled buoy
can be calculated using the factors in Table 4.1. This scaled WEC is further re-
ferred to as ’scale model’ or ’the model’. For the scale model the hydrodynamic
parameters are calculated and time series for exciting wave forces are generated
using WAMIT®. These time series and scale model are the input for computer
simulations for further dimensioning of the setup, and are used in the control of
the setup.
4.5.2 PTO inertia
The complete mechanical drive train of a PTO in a real buoy contains more com-
ponents (such as gearbox, drum) than the PTO side of the setup. Still, the inertia
of all components needs to be represented in the setup. Therefore the inertia of the
full scale drive train is to be converted to an equivalent inertia at the machine shaft
before a scaling can be performed. In Equation (4.17) Jfull is the equivalent inertia
at the full scale machine shaft and Jmod is the Froude scaled inertia for the model
PTO:
Jmod =
Jfull
µ5
. (4.17)
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To find the required value for a setup running at equal speed as the full scale,
the compensation of Equation (4.11) needs to be added:
JcompPTO =
Jfull
µ4.5
(4.18)
The resulting inertia value JcompPTO can be realised by adding a flywheel on the
shaft of the PTO machine so that the sum of the rotor inertia and flywheel equals
JcompPTO, as illustrated in Fig. 4.3.
4.5.3 Wave Emulator torque
In most of the WEC designs the hydrodynamic forces exceed the maximum avail-
able PTO force at many instances, consequently the installed power of the emulator
machine needs to be higher than the PTO machine.
The hydrodynamic force is reproduced by the electromechanical torque of the
emulator machine. To appoint the required emulator machine, computer simu-
lations [34] of the hydrodynamic movement of the virtual WEC are performed.
The total hydrodynamic force Fhyd,calc that the scale model would encounter is
calculated in time domain simulations for the six sea states. The force is there-
after translated to the torque of the emulator machine using Equation (4.3) which
accounts for all PTO drive train transmission ratios until the shaft of the PTO ma-
chine, such as drum and gearbox. Note that the scaled drum radius must be used.
Next, the torque (T ) is plotted versus the rotational speed (n) at each moment to
define the needed working region for the Wave Emulator electrical machine.
These torque-speed (T − n) plots permit a graphical determination of the re-
quired power for the emulator machine. The choice of the appropriate machine
can then be done by fitting the working region across the most demanding load
curve. As new control strategies might be more demanding and arouse higher hy-
drodynamic forces or higher speeds, it is advised to take sufficient margin during
the sizing.
As the movement in our case is intermittent, good engineering practice allows
to use a machine up to the maximum allowed torque of the machine specifications,
as long as the RMS torque remains below the rated torque. This practice reduces
the necessary rated power by 50% when the maximum allowed torque is 200% of
the nominal. Moreover, as the plots in Fig. 4.6 do not show high torque needs at
higher speeds, usage of super-rated speed region seems appropriate to realise a sec-
ond reduction of installed power. Thus a machine with a rated speed of 1500 rpm
is chosen and used up to 3000 rpm. The machine is used up to 200% of its rated
torque. The same measures have earlier been adopted in the dimensioning of the
(full scale) Wave Pioneer’s PTO [63].
In Fig. 4.6 the selected working region of 200% of rated torque and speed for
three different machine sizes (18.5 kW, 22 kW and 30 kW) have been fitted above
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Figure 4.6: Torque-speed 200% working regions for three different machine sizes fitted
above the most demanding load plots. Machine sizes of 18.5 kW (purple -.),
22 kW (green –) and 30 kW (red solid line). Load curves in blue solid line.
the load plots of the three most demanding sea states.
To provide ample margin in higher loads and increase experimental potential
towards the future, for our setup a 30 kW 1500 rpm rated induction machine was
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chosen. The red circle in Fig. 4.6 points at the RMS torque, which is in all cases
lower than the nominal torque.
The inertia of the rotor can be decisive in the machine choice, as it should not
exceed the value of the compensated reproduced inertia corresponding with the
buoy mass and added mass. The calculation of this scaling is found in the next
paragraph.
4.5.4 Wave Emulator inertia
As introduced earlier, a scaling similarity is achieved by including the buoy’s mass
m and added mass ma,∞ in the rotational inertia of the emulator machine. This
avoids inertia compensation calculations with noisy acceleration signals.
In order to do so, the sum of the floater’s mass and added mass must be con-
verted to an equivalent inertia Jeq at the shaft of the PTO. In case of the Wave
Pioneer, consisting of a cable on a drum connected with a gearbox to the PTO ma-
chine, this is done using the expression of Equation (4.4). Assuming this is done
for the full scale floater, the inertia for the emulator side of the setup is scaled anal-
ogous to the calculation of the PTO inertia. Hence, the emulator’s rotary inertia
for a setup running at equal speed as the full scale is:
Jcomp emu =
Jeq
µ4.5
(4.19)
As for the PTO part, this equivalent inertia Jcomp emu can be established with
the total rotational inertia on the emulator side of the setup, i.e. machine rotor,
coupling and half of the torque transducer’s inertia, expanded with a flywheel to
match the calculated value.
4.5.5 Overview of lab setup electrical machines and drives
Table 4.2 collects the specifications of the main components of the setup following
the design concept described here. The electrical machines are intermittently used
up to 200% of their nominal power. To ensure this super-rated operation, the drives
are dimensioned to a rated power of at least 200% of the rated machine power
since the overloading ability of the drives is much smaller than machines due to
the limited thermal inertia of the power electronics. The final attained power for
the drives was the first available power rating matching or exceeding the maximum
used motor power.
4.6 Validation of the Emulator
To verify the accuracy of the wave emulator control and to validate the setup’s
design concept, experimental results of the lab setup have been compared with
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Table 4.2: Overview of the setup’s main specifications
PTO Wave Emulator
Electrical machine
Rated power 11 kW 30 kW
Maximum power 22 kW 60 kW
Rated torque 71.5 Nm 194 Nm
Maximum torque 143 Nm 388 Nm
Rated speed 1500 rpm 1500 rpm
Maximum speed 3000 rpm 3000 rpm
Variable frequency drive
Rated power 22 kW 75 kW
simulation results. The simulation model itself has earlier been validated by scaled
wave flume tests by De Backer et al. [34], and this same hydrodynamic model is
used to control the wave emulator (cfr. Equations (4.3) and (4.1)). By comparing
the setup’s motion with the computer simulation results, the validity of the design
concept can be checked. The design concept includes the implementation of the
masses as rotary inertias and the speed scaling compensation in the wave emulator.
But also the practical implementation by means of the rapid control prototyping
card, variable frequency drive and electrical machine are under evaluation in these
tests at the same time. It is considered that the emulation of the WEC motion can
be approved if the resulting speed curves of the setup and simulation correlate well
when run with the same wave excitation force time series and same PTO force.
The PTO force is calculated following the control method of [16] described
in Section 2.4, and is thus proportional to the actual speed and acceleration. This
control method has been used in the setup as well. To focus on the accuracy of the
emulator, the calculation of the PTO force has not been repeated in the simulations
for this validation. Instead, a time series of the measured cable force of the setup
(represented by the torque measurement) is used as input for the calculation of
the equation of movement of the WEC. The time series of the wave exciting force
for the simulation is equal as in the setup to use as a simulation input. Using this
method, the virtual WEC in the simulation experiences the same forces as in the
setup.
The analysis is done with the actual rotational speed of the setup, meaning
that the speed of the simulation is recalculated to the corresponding compensated
speed as defined in Equation (4.9).
The comparison has been carried out for all six sea states for a time window of
approximately 8 minutes. For each sea state the WEC speed has been processed
and examined by means of the PTO rpm. The rotational speeds of setup and sim-
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ulation together with the rpm error from Equation (4.20) have been plotted in Fig.
4.7.
errorrpm = rpmsetup − rpmsim comp (4.20)
Subsequently histograms of the relative error show the distribution of the rela-
tive error magnitudes in Fig. 4.8.
Rel errorrpm =
rpmsetup − rpmsim comp
rpmsim comp
(4.21)
Fig. 4.7 zooms in on 100s of the results. It indicates that the rpm error is
relatively high in the lowest sea state, SS1. Once the load increases at higher sea
states, the rpm error decreases resulting in a setup speed curve that approximates
the simulated one. The absorbed power in SS1 is too low to have a net electrical
energy production, consequently the difference in speed curve for this sea state can
be ignored, because the sea state is irrelevant to draw any conclusions about the
PTO. From SS2 on, the rpm error reduces significantly and the speed curves show
a satisfying match.
The accuracy of the emulator depends on a number of factors. Firstly, the
control is an open loop torque control and any deviation influences the setup’s
speed. When comparing against the simulations, it should be kept in mind that
the friction of the bearings is not taken into account because measurements of the
friction with peaks of 2Nm were categorised as negligible compared to peak set-
point torques of up to 300Nm. Another potential cause of deviation is the possible
difference between the final rotational inertia in the setup and the value from the
datasheets due to minor modifications to the motor shaft (removal of fans and
adding encoders) and couplings. This discrepancy in inertia is rather small and a
more precise value could not be determined experimentally.
The convergence in the correlation can be seen in the histograms of the relative
error from Equation (4.21) in Fig. 4.8.
4.7 Conclusions
In this chapter, a wave emulator PTO test setup is presented. A lab setup should be
a tool for performing dynamic response tests and long duration tests for a power
take-off system as if it was in a wave energy converter at sea.
The presented setup succeeds in providing an environment with equal nor-
malised load conditions using a Froude scale model. This has been realised by
implementing the hydrodynamic model of the floater in the setup to control the
wave emulator in real-time and thus responding to the PTO actions. To avoid
calculations with noisy acceleration signals, all mass terms of the hydrodynamic
model have been represented physically as rotary inertias in the wave emulator.
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Figure 4.7: Plots of 100s of the rotational speed of setup (blue), simulation (green) and the
speed error (red) for sea state 1 up to 6
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Figure 4.8: Histograms number of occurrence vs. relative rpm error per sea state
The undesired consequence of the increased rotational speed after Froude scaling
has been dealt with by appointing extra inertia to the setup.
The experimental results of the wave emulator setup have been compared to
simulation using equal power take-off forces on the scaled model. The control
of the emulator uses the same hydrodynamic model as the computer simulations,
so the comparison aims at validating the design concept of the wave emulator.
The comparison showed good correlation for the shaft speed of the PTO for the
significant sea states. This makes the proposed Wave Emulator a valuable tool in
the development of power take-off systems for wave energy converters.
The intermittent and reciprocating motion accompanied with wave energy, is
a considerable challenge for PTO designs. This setup provides an accessible envi-
ronment to test a PTO with realistic loads before employing it for (expensive and
less accessible) tests at sea.
Because the wave emulator is controlled in real-time by a hydrodynamic model,
the actual PTO actions are considered. This enables the control parameters to be
altered while the setup is running, but moreover that the wave emulator can be
used with different PTO control strategies, without the need to change the emula-
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tor’s control. In fact, the setup is ideally suited to test a new - or changed - control
strategy and evaluate the response of a real electromechanical drive train.
Next to suitability and durability tests, the setup can also be used to appraise
the efficiency of a PTO. For example, the setup has been successfully used to
confirm the quasi static efficiency model assumption of the electrical machine in
Section 3.3.2.
5
A drum and cable based PTO
The work described in this chapter is a continuation and expansion of the research
during FlanSea. Parts of the text have earlier been published in [63] and [35]. First,
the mechanical layout of the drum and cable PTO is presented which is the basis
for the simulation model subsequently explained. Next, several sensitivity anal-
yses are discussed and processed, evaluating the resulting power and the energy
yield for three (virtual) locations. Subsequently some optimisations are proposed
to maximise the energy yield, or to minimise the installed power. A definite choice
of PTO size will not be made. The methods proposed in this work can be the base
for a techno-economic analysis to determine a viable PTO considering all corre-
sponding costs (the PTO contributes for approximately 20% - 30% to the total
manufacturing cost [30–32]) and revenues. The described analyses and optimisa-
tions offer a means to bring forth the sensitivities of a proposed PTO topology.
The result is then a yearly energy yield curve - or map - for which every data-point
corresponds to a PTO size which (or a relevant selection) can subsequently be pro-
vided with its according cost and revenue. The outcome will reveal the economic
performance of every PTO size and might show a difference in optimum installed
power depending on the location.
Although based on values of produced power, the presented analyses are not
meant as an assessment of the exact amount of power (or energy) a certain PTO in
the WEC can produce, but as a means to show the sensitivity of the studied control
and hardware parameters, and to propose a method to design a PTO based on all
boundary conditions such as PTO configuration, local wave climate and energy
economics. The PTO sizing can subsequently be performed based on a techno-
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Figure 5.1: Schematic overview of the Wave Pioneer and the drum and cable PTO system:
two electrical machines are connected to a drum by means of a gearbox.
economic optimum rather than on a energy maximisation at any cost.
5.1 Working principle and mathematical model
The principle is here explained based on the layout of the Wave Pioneer of the
FlanSea project, where the PTO power was split up between two machines for
practical reasons. The drum and cable PTO consists of a cable connected with
the seabed. In the buoy, the cable is wound onto a drum and connected with two
electrical machines through a gearbox as depicted in Fig. 5.1. The gearbox in-
creases the working torque towards the drum, while decreasing the speed. The
machines are connected to two variable frequency drives. The machine is sub-
sequently connected to a variable frequency drive injecting the produced power
either on a common DC-bus, or convert it to the frequency of the AC grid. This
assembly of drum, gearbox, electrical machines and drives is referred to as the
PTO system, and converts the power absorbed from the waves to electrical energy.
When the buoy is pushed upwards by the wave motion, the cable is wound off and
electricity is generated by applying a braking torque by the electrical machines.
During the downward movement, the electrical machines act as motor to wind
up the cable and keep it under tension, and apply reactive control to optimise the
power absorption from the waves.
A purely heaving motion is assumed in the model, although this is not the case
in reality for a buoy attached with a cable to the seabed.
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Figure 5.2: Schematic overview of the drum and cable PTO in the floater and the resulting
PTO force together with the hydrodynamic force on the buoy
5.1.1 PTO model
In Fig. 5.2, a schematic overview of the PTO in the floater is given. In the Wave
Pioneer two machines were installed, though this was mainly for practical reasons
of fitting the PTO into the floater’s diameter, therefore all further explanation is
done in the assumption of one machine. (Still, the underlying simulation model
assumes two machines, e.g. if said that the simulation is done with a machine
of 280 kW, this is in fact split up in two machines of 140 kW in the simulation.)
The electrical machine is connected through a gearbox to a drum. On the drum a
cable is wound which is connected to the sea bottom. The torque on the shaft of
the electrical machine is increased by the gearbox and subsequently translated to
a force on the cable by the drum. The force on the cable is defined as the PTO
force FPTO and in the case of an ideal gearbox (or a direct drive concept without
gearbox), it can be expressed as
FPTO = −Rg
r
T shaft (5.1)
with Rg the gearbox ratio, r the radius of the drum and Tshaft the torque on
the machine shaft. The minus sign in the expression originates from the fact that
all forces are positive in upwards direction, as in [17], and the convention of hav-
ing a positive electrical power when the machine generates electricity. And by
maintaining the sign between the vertical buoy speed and the rotational speed, this
implies a sign reversion between the torque and PTO force. The relation between
the vertical floater speed dz/dt and the rotational speed is given by
dz
dt
=
n
Rg
2pir
60
, (5.2)
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Figure 5.3: Linear representation of the PTO inertia and electromagnetic force.
with n the rotational speed of the machine in revolutions per minute (rpm), or
expressed in radians per second as angular velocity Ω = n 2pi/60.
Taking the rotor inertia of the machine into account (and by extension the
equivalent intertia of the entire mechanical drive train), the force can be expressed
in relation to the electromagnetic torque Tem as
FPTO = −Rg
r
(Tem − TJ) (5.3)
with TJ = −J dΩ/dt the inertial torque of the rotor inertia. The electromagnetic
torque is the torque controlled by the variable frequency drive and acts upon the
machine rotor. As the dynamics in the wave application are relatively slow com-
pared to the electrical dynamics, the requested electromagnetic torque is assumed
to be immediately present. Internal friction in the machine, such as from the bear-
ings, is neglected.
5.1.1.1 Equivalent linear PTO model
Because the hydrodynamic model is an equation of motion consisting of forces and
linear movement, the PTO model has been translated to a linear equivalent to avoid
unnecessary back and forth conversions between forces and torques and linear and
rotational speeds during the simulation. The simulation time is important as the
upcoming analyses and optimisations are done by iterative simulations.
Fig. 5.3 represents the linear equivalent of the rotary PTO comprising an elec-
tromagnetic force and mass inertia corresponding to the electromagnetic torque
and rotary inertia respectively. In the linear equivalent model, the equivalent PTO
mass is connected to the buoy mass through the main cable because it is only
through this cable that the PTO can apply a force on the floater. The PTO force
FPTO is then
FPTO = Fem −meq d
2z
dt2
(5.4)
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The electromagnetic force Fem is related to its torque equivalent through the gear-
box ratio and drum radius:
Fem = −Rg
r
Tem. (5.5)
meq is the equivalent mass for the rotary PTO inertia. For a PTO consisting of a
drum with radius r and gearbox ratio Rg the equivalent mass is expressed as
meq = JPTO
R2g
r2
(5.6)
JPTO is the total PTO inertia at the machine shaft, and comprises the complete
drive train from machine up to gearbox and drum. It can be noticed that the in-
fluence of the gearbox ratio is significant towards the equivalent PTO mass as it is
proportional with its square.
5.1.1.2 Gearbox efficiency
Taking the efficiency of the gearbox into account, the PTO force is expressed as
FPTO =

(Fem −meq d
2z
dt2
) · 1
ηg
for Pem ≥ 0 : generating
(Fem −meq d
2z
dt2
) · ηg for Pem < 0 : motoring
(5.7)
With ηg < 1 the gearbox efficiency. From Equation 5.7 can be understood that
the torque at the drum side is increased by the gearbox losses with respect to the
torque on the machine shaft in case power flows towards the machine, i.e. it will
be generating, and if power flows from the machine (as motor) towards the drum,
the drum torque is decreased by the gearbox losses.
The gearbox efficiency value is read from a lookup table for each actual oper-
ation point during the simulation. The efficiency map is based on a measured map
for a 2 stage helical bevel transmission presented in [2]. The efficiency map is not
a representation of the most fit gearbox for a wave energy converter (in fact the
nominal efficiency might be rather low for the highest installed powers simulated
in this work), but it is a step towards realistic simulation of an electromechanical
PTO drive train, to demonstrate the influence on the net generated energy. The map
displayed in Fig. 5.4 shows a significant dependency on the torque. Even though
the efficiency is relatively flat above 20% of the rated torque, it illustrates the im-
portance of the use of a map rather than a fixed efficiency value for a transmission
stage in the PTO.
Because the maximum shaft torque of the machine can be approximately 1.5
times higher than the maximum electromagnetic torque due to the inertia torque
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Figure 5.4: Efficiency map of a 2 stage helical bevel transmission as a function of
normalised speed and normalised torque (Source: [2])
TJ, a normalised torque of 1 for the gearbox corresponds to 3 times the rated
machine torque, as the machine is used up to 200% of its rated torque.
5.2 PTO control
The general PTO control based on the mass-spring-damper system is explained in
Chapter 2 Section 2.4. Each PTO topology might have specific requirements or
variations on the theoretical external PTO force, with characteristic consequences.
For the drum and cable PTO this is described in the following sections.
5.2.1 Specific control for a drum and cable PTO
5.2.1.1 Unidirectional forces due to cable
With this type of PTO composed of a drum and cable, the only way to exert a PTO
force on the WEC is through the cable providing only downward forces on the
buoy. Consequently the tuning force can be applied only when the acceleration is
positive (i.e. directed upwards) and the damping force only when the velocity is
positive. Additionally, an extra force Ftense should ensure that the cable remains
under tension at all times. The total required electromagnetic force can thus be
expressed as:
Fem = Fdamp| dz
dt>0
+ Ftun| d2z
dt2
>0
+ Ftense| d2z
dt2
<0
(5.8)
Ftense is the force required to keep the cable under tension when this is not accom-
plished by the hydrodynamic force. It is reminded that at some instances of the
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wave cycle, the tuning action of Ftun will result in a power flow from the PTO
towards the hydrodynamic system, thus the electrical machine will act as a motor.
5.2.1.2 Keeping the cable under tension
Assuming initially a taut cable, buoy at standstill and starting an upwards acceler-
ation, i.e. d2z/dt2 > 0, then the PTO inertia will be accelerated by the force on
the cable, and the cable will be unwound from the drum. When the buoy starts
to decelerate, the only way to decelerate the PTO inertia is by an electromagnetic
torque of the machine, as the cable can only transfer force in one direction. If an
adequate PTO torque is not applied, the cable will continue to wind off as the PTO
will not be decelerated sufficiently.
Decelerating the PTO inertia
This control consists of a pragmatic solution to induce the same deceleration of
the PTO inertia as the buoy when the buoy acceleration is negative, supplemented
with an extra force:
Ftense = meq
d2z
dt2
− Fwindup. (5.9)
The term meq d2z/dt2 of Equation (5.9) can also be seen as a compensation to
eliminate the inertial force of Equation (5.4). Fwindup is a constant value that should
at least encompass the weight of the cable pulling on the drum.
The acceleration d2z/dt2 used in this model is technically the buoy accelera-
tion, and not really the acceleration of the PTO, as this model does not include a
separate equation of motion for the PTO dynamics. By applying the above force
Ftense of Equation (5.9), the PTO is assumed to follow the buoy’s motion, and
therefore the model assumes that the cable is kept under tension at all times. Tech-
nically this model can still result in a negative cable force. Nevertheless it is an
acceptable first approach for this PTO topology to assess its potential energy pro-
duction and dimensions of the PTO.
5.2.2 Influence of control parameters on power absorption
Even though the philosophy of the described control strategy is based on the re-
sponse of the system excited by regular waves, and irregular waves occurring in
real seas cannot bring the WEC in resonance, an optimum combination of the pa-
rameters bext and msup can also be found for irregular waves by running iterative
simulations. To maximise the power absorption in every sea state, an adequate
control with carefully chosen control parameters are indispensable [16,20,21,64].
In a first assessment of the system, the maximum power that can be absorbed
by the PTO from the waves has been evaluated. This is the mean mechanical power
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absorbed by the PTO from the waves, thus the PTO efficiency is not yet taken into
account. It is calculated by multiplying the PTO force FPTO from Equation (5.4),
i.e. the force on the cable, with the buoy speed dz/dt.
To illustrate the influence of the control parameters on the absorbed power
Pabs, time simulations using the described model were run to estimate the ab-
sorbed power per sea state by calculating the hydrodynamic response of the WEC.
A first simulation set has been performed under the assumptions that an unlimited
PTO force is available, hence the desired force of Equation (5.8) can always be
applied and the PTO inertia is set to zero. For each sea state a multitude of com-
binations of values for bext and msup are simulated by iteratively changing them
within a predefined range. The results are visualised in the colour plots of Fig. 5.5
where the absorbed power versus the control parameters bext and msup is plotted
per sea state, a presentation method also used in [65]. Every colour plot consists
of approximately 100 simulations, depending on the resolution and range. Next to
the power, other important system parameters are analysed for every combination:
in addition to the floater’s boundaries and PTO force constraint already analysed
in [65] and [17], the PTO constraints have been extended in the examinations of
this work and are taken into account from Section 5.3 onwards.
Evaluating the power
The maximum absorbed power that can be reached is marked with a blue circle in
each of the plots. The coordinates of the blue circle correspond with the optimal
values formsup and bext. From the figure can be seen that the quantity of absorbed
power is heavily dependent on the control parameters. If not carefully set, the
absorbed power drops significantly. The minimum scale of the colour bar is set
at 0 to optimise the contrast, but negative values occur at very low values for bext.
Taking account for the floater constraints
The buoy has a freeboard of 2.75 meter above the still water line (see drawing of
Fig. 2.8). During operation, the buoy may not be overtopped by the water, i.e. a
sinkage of more than 2.75 m, as this will heavily affect the subsequent upwards
movement of the buoy and is not desirable from operational point of view. There-
fore a black contour plot indicates from where on the sinkage limit is reached.
Moreover, the simulation model does not account for the hydrodynamic behaviour
beyond the maximum sinkage, hence results from simulations that exceed the sink-
age limit are of no physical significance and are therefore omitted and left blank
in Fig. 5.5. The limit is set such that not a single exceedance of the sinkage in the
complete simulation of irregular waves is allowed.
The first part of the tuning action occurs during the second half of the down-
wards movement (dz/dt < 0 and d2z/dt2 > 0), and hence increases the sinkage
of the buoy as the force is directed downwards. Fig. 5.5 indeed shows that the
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Figure 5.5: Absorbed power [kW] vs. control parameters msup and bext for an unlimited
available PTO force, contours for maximum sinkage (black).
(Note the different axis scales for some of the plots.)
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Figure 5.6: Optimal values for the control parameters msup and bext to maximise the
absorbed power for the different sea states for an unlimited PTO force without
inertia
sinkage limit is reached at higher values for msup, especially for the higher sea
states.
Another constraint of the floater is that it might lift out of the water during the
upwards movement to subsequently land in a hard manner back in the water, which
is called slamming. Slamming causes unwanted high impact forces on the body
and system and is thus to be avoided. The accompanying constraint is defined as
the maximum lift and is 2.4 m for the buoy under study. Because the drum and
cable PTO can only damp the floater in the upwards direction, the buoy is damped
to a degree that the lift constraint is never reached for this PTO topology.
As the sea state changes, the optimal control parameters values differ, as plot-
ted in Fig. 5.6. It shows the importance of using the appropriate parameters to
prevent exceeding the maximum sinkage, and not at least to optimise the energy
yield in every sea state. It can be noticed that the value of msup is affected by the
reaching of the sinkage limit.
Effect of tuning
As explained in Chapter 2 Section 2.4, bext is the external damping factor that
determines the amount of PTO damping and msup is the factor that determines
the supplementary mass virtually added by the PTO force to tune the natural fre-
quency of the floater towards the wave frequency. A pure damping strategy can
be achieved by setting msup equal to 0. The corresponding power production can
be read from the colour plots on the vertical axis, and an optimum bext can then
be chosen for pure damping for each sea state. Comparing these values with the
power reached with an optimal combination of msup and bext as plotted in the
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Figure 5.7: The absorbed power with a tuning strategy compared with the absorbed power
with a purely damping control strategy for an unlimited PTO (left axis in
[kW]), together with the ratio between the two (right axis in [%]).
power curves of Fig. 5.7, it can be concluded that the effect of the reactive control
by means of a supplementary mass is significant and reaches absorbed powers of
up to 230% compared to pure damping.
It should be remembered that this analysis is made on the absorbed power, and
that PTO efficiencies are not yet taken into account. Because the reactive control
implies a power flow from the PTO towards the hydrodynamic system at some in-
stances of the wave cycle, it is to be expected that the PTO efficiency will influence
the effectiveness of the tuning. This will be studied further in Section 5.3.2.
5.2.3 Time course of power and buoy movement
In Fig. 5.8 the position, speed and acceleration of the buoy are plotted together
with the according PTO force and the resulting absorbed power as a function of the
time. The plots illustrate the high irregularity of the wave energy system, resulting
in a very variable power shape. There is a high peak-to-mean ratio of 26 for the
shown sea state 3 with the unlimited PTO, there are peaks of 374 kW and a mean
power of 14.4 kW. The invested (negative) power shows lower peaks, but still
significantly crossing 200 kW. Characteristic for the PTO topology of drum and
cable is the purely downwards directed PTO force resulting in power absorption in
the upwards direction only.
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Figure 5.8: Plots of the buoy position, speed and acceleration together with the absorbed
power vs. time for 200 seconds of the simulation for SS3.
5.3 Introducing PTO dynamics and efficiency
Based on the maximum required PTO force from the analysis with the unlimited
PTO, a realistic PTO consisting of a machine and gearbox can be defined. The
rated speed of the machine and gearbox ratio is chosen such that an ample margin
in available speed is expected. As described in Section 3.2, the machine is used
up to 200% of its rated torque and speed because the movement is highly variable.
This results in a significant reduction of the required installed power in comparison
with a machine only used up to the rated power. To have ample margin for the
speed, a gearbox ratio of 37.3 and drum radius of 0.4 m is chosen with a 1500 rpm
rated machine. Consequently, a machine power of 280 kW is required to apply the
maximum PTO force that was necessary in the unlimited PTO analyses.
The control is such that the desired electromagnetic PTO force is calculated
based on the actual speed and acceleration (Equation (5.8)), and capped by the
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maximum available torque defined by the working range of Fig. 3.2 if necessary.
The rated machine powers used in this work do not necessarily correspond
with existing off-the-shelf available machines, as the power values are used to
demonstrate their influence rather than as a commercially available choice that
can/should be made. The corresponding rotor inertias are therefore a result of
interpolation of realistic datasheet values for existing power output values. The
used data are taken from induction machines (IM) for 1500 rpm rated machines
[66], and from permanent magnet synchronous machines (PMSM) for the studied
direct drive cases with rated speed of 100 rpm or lower [67].
5.3.1 Influence of PTO dynamics
The simulation model is run with the given installed power and transmission ratio,
and a rotor inertia of 6.4 kgm2 (based on two machines of 140 kW with an inertia
of 3.2 kgm2 [66]). The colour plots of Fig. 5.9 show equal values for the mean ab-
sorbed power per sea state as for the unlimited PTO (Fig. 5.5 and Fig. 5.6). What
can be observed, and separately plotted in Fig. 5.10, is that the optimal values
for the PTO damping bext are higher for this realistic PTO than for the unlimited
PTO. Contrarily, the optimal values for the supplementary mass msup are lower.
This decrease in motor tuning can be attributed to the PTO inertia, which has an
equivalent mass of 55 600 kg in the linear mass-force model. Indeed, the PTO
inertia helps to tune the natural frequency of the WEC towards the frequency of
the incoming waves, as it adds to the floater inertia when it is accelerated by the
hydrodynamic force through the cable when the acceleration is positive. There-
fore, it is interesting to study the sensitivity of the PTO inertia towards the energy
output, which can be found in Section 5.6.4.
When the actual electromagnetic force is plotted next to the PTO force in
Fig. 5.11, it can be noticed that the force towards the cable is indeed significantly
increased due to the inertial torque of the PTO inertia when accelerating. On the
other hand, when the acceleration is negative, the PTO force is lower than the
electromagnetic force because a part of it is needed to decelerate the PTO inertia.
At around 200 seconds, it can be noticed that the electromagnetic force Fem is
capped, corresponding with the maximum available torque of the machine.
5.3.2 Influence of PTO efficiency
Up to this point, all analyses were done on the absorbed power, the mechanical
power on the PTO shaft. However, it is clear that the electrical power that can
be injected into the electrical grid is of higher concern. Therefore the simulation
model has been extended with the efficiency maps of the different PTO compo-
nents as described in Sections 3.3, 3.4 and 5.1.1.2 for machine, drive and gearbox
respectively.
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Figure 5.9: Absorbed power [kW] vs. control parameters msup and bext for a 280kW
PTO, contours for maximum sinkage (black).
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Figure 5.10: Optimal values for the control parameters msup and bext to maximise the
absorbed power for the different sea states for a 280kW PTO
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Figure 5.11: Buoy movement and PTO force together with the electromagnetic force.
For the efficiency of the electrical machine, maps are generated based on two
different machine topologies, the A map variants are based on an induction ma-
chine (IM) and the B map variants are based on a permanent magnet synchronous
machine (PMSM), both from [1]. For each machine topology, the maximum effi-
ciency of the map has been rescaled in four steps of approximately 1% to analyse
the influence of the nominal efficiency’s magnitude. Additionally, the shape of the
efficiency maps of the two machine topologies is rather different, enabling the as-
sessment of the sensitivity thereof on the electrical output of the WEC. The maps
and their variants are discussed and displayed in Chapter 3 Section 3.3.3.
Next to the machine efficiency, the gearbox efficiency is taken into account
using the map displayed in Fig. 5.4 and a fixed drive efficiency as described in
Section 3.4. A machine power of 280 kW is used.
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5.3.2.1 Effect on control parameters
A first simulation run analysing the electrical output has been executed for the
A1 efficiency case, which maximum efficiency of 95.7 % corresponds with the
nominal efficiency of a 1500 rpm IE4 induction machine from catalogue [66]. The
resulting colour plots for the mean electrical power at the grid side of the variable
frequency drive for sea states 1 to 6 are presented in Fig. 5.12.
Comparing these results with the results of Fig. 5.9, it can be noticed that, next
to the fact that the maximum reachable power value is lower due to the losses in
the PTO drive train, the optimum value for msup is lower for sea states 1-3 and the
external PTO damping is higher. Both control parameters are plotted in Fig. 5.13
vs the sea state. Once the PTO efficiency is taken into account, it becomes clear
that this has an influence on the tuning capacity, which was also observed by [41].
This is due to the electrical energy required to be invested during a part of the
tuning cycle. This so called reactive power passes two times by the ’pay desk’
of the losses before it is again converted to electricity. Luckily it is accompanied
with a gain in net produced electrical energy which is still larger than in the pure
damping case, as illustrated in the power curves of Fig. 5.14. Nevertheless, it
should be noted that this gain decreases when the efficiency of the PTO drops. At
very low PTO efficiencies, tuning becomes irrelevant, as it might even decrease
the mean electrical power compared to pure damping.
Because the control parameters for SS4-6 are limited by the sinkage constraint,
the influence is in these sea states not visible in the parameter values plotted in
Fig. 5.13. For SS1-3, the optimum is found in the middle of the domain, hence
there is no constraint with regard to sinkage.
5.3.2.2 Effect on produced power
Nominal efficiency
The same analysis has been executed for the other 7 efficiency map variants de-
scribed in Chapter 3 Section 3.3.3. The results are plotted in Fig. 5.15 and the
values are collected in Tables 5.1 and 5.2. The mean electrical power for the A
map variants decreases with approximately 3.5% per 1% lower nominal efficiency
in SS3 and with 2.5% in SS5. For the B variants, the difference in SS3 is even
slightly more pronounced, and similar in SS5. It is clear that a step of ’only’ 1%
in the nominal efficiency has an amplified repercussion on the power output of the
system.
The electrical power of SS1 is much too low to deliver a contribution towards
the grid. Considering all possible uncertainties of the model, and taking into ac-
count that the model does not include any base load losses e.g. for auxiliaries, the
results for SS1 are not always shown in further analyses.
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Figure 5.12: Electrical power [kW] vs. control parameters msup and bext for a 280kW
PTO with gearbox and A1 machine efficiency map, contours for maximum
sinkage (black).
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Figure 5.13: Optimal values for the control parameters msup and bext to maximise the
electrical power for the different sea states for a 280kW PTO with gearbox
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Table 5.1: Difference in mean electrical power between the 4 A efficiency map variants
SS
A1
Pel [kW]
A2
% of A1
A3
% of A1
A4
% of A1
1 0.1 95.4 90.7 86.0
2 1.7 96.6 93.3 89.8
3 6.4 96.5 93.0 89.4
4 13.4 96.6 93.2 89.8
5 19.7 97.5 95.0 92.5
6 24.9 97.9 95.8 93.7
Table 5.2: Difference in mean electrical power between the 4 B efficiency map variants
SS
B1
Pel [kW]
B2
% of B1
B3
% of B1
B4
% of B1
1 0.2 96.4 92.0 88.2
2 2.8 96.4 92.2 88.2
3 9.3 96.1 92.0 88.7
4 17.9 97.2 94.0 90.9
5 24.3 97.8 95.3 92.9
6 29.6 98.0 95.6 93.4
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Figure 5.15: Mean electrical power vs. sea state for the 8 efficiency map variants for a
280kW PTO with gearbox
Shape of the efficiency map
The shape of the efficiency map, i.e. the flatness, has undoubtedly a huge influence
on the resulting electrical power. In Fig. 5.15 all B variants show a significant
higher mean power in all sea states, despite the fact that the nominal efficiency of
A1 is equal to B3 and even 1% higher than B4. Still, the mean electrical power of
both the B3 and B4 variants is considerably higher than for A1. Table 5.3 com-
pares the electrical power Pel of the A1 and B3 maps: the electrical power of B3
ranges from 114% up to 151% of the values of A1 for SS6 and SS2 respectively.
This is mainly due to a better conversion of mechanical towards electrical energy,
but the higher efficiency is also beneficial for the tuning capability allowing more
power to be absorbed from the waves in SS2 and SS3 in the case of a B3 machine.
Indeed, Fig. 5.16 shows higher values for the optimum msup than for the A1 case
plotted in Fig. 5.13. Still, the main reason can be found in the conversion from
mechanical towards electrical energy as the values in column 8 and 9 indicate.
The ratio of the mean elecrical power over the mean absorbed power Pel/Pabs
indicates the average PTO efficiency. For the B3 case, the average efficiency is
approximately 9% to 15% higher than for the A1 case. It may be clear that the
choice of a PTO and/or its components must not be done based on the efficiency at
nominal operating conditions for an application such as wave energy with highly
intermittent operation of which the usage range in terms of torque and speed is
relatively large.
The average efficiency values between 46% and 68% for the A1 case, and
between 58% and 77% for the B3 case should help to realise that feasibility as-
sessments of a WEC based on absorbed power are highly overrated.
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Figure 5.16: Optimal values for the control parameters msup and bext to maximise the
electrical power for the different sea states for a 280 kW PTO with gearbox
and B3 machine efficiency map
Table 5.3: Comparison of the electrical power Pel and absorbed power Pabs between A1
and B3 efficiency maps with equal nominal efficiency but different shape, and
the resulting average PTO efficiency Pel/Pabs, for a 280 kW PTO with gearbox
SS A1
Pel [kW]
B3
B3
% of A1 A1
Pabs [kW]
B3
B3
% of A1
Pel / Pabs [%]
A1 B3
2 1.7 2.6 151 3.7 4.4 120 46.3 58.3
3 6.4 8.5 134 12.2 12.7 104 52.3 67.3
4 13.4 16.9 126 23.9 23.9 100 56.2 70.7
5 19.7 23.1 117 30.6 30.6 100 64.4 75.6
6 24.9 28.3 114 36.7 36.7 100 67.8 77.1
5.4 Influence of PTO installed power
All simulations so far have been performed with a PTO where the absorbed power
was not limited by the available PTO force. The 280 kW machine was chosen
based on the maximum required PTO force resulting from the simulations with an
unlimited PTO force. The floater constraint of sinkage was the only limit encoun-
tered until now.
Although this installed power of 280 kW might be the largest required to ab-
sorb the maximum with this floater geometry and the used control strategy, it might
not be the techno-economic optimum. Therefore, a sensitivity analysis on the in-
stalled power is performed to assess its influence on the power production. For
each installed power and every sea state, the control parameters msup and bext
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Table 5.4: The six power steps [kW] for the sensitivity analysis on rated power.
P1 P2 P3 P4 P5 P6
Rated power [kW] 46 94 140 188 234 280
have been chosen to maximise the electrical power output Pel, accounting for the
floater and PTO constraints. A comparable analysis at smaller scale has been done
by [39] for 4 power steps, but only 3 sets of control parameters and in only one sea
state.
It should be noted that in fact the analysis of this section comes down to a
sensitivity on the available electromagnetic force (Fem) because the rated speed is
kept fixed, but the installed power is taken as criterion because it has a direct link
to the cost of the PTO. Anyhow, the installed power is in direct relation to the force
through the transmission ratio and rated speed of the machine.
Power steps
The analysis has been done for 6 steps in power for 1500 rpm machines, a gearbox
ratio of 37.3 and a drum radius of 0.4 m. The resulting powers P1 to P6 range
from 46 kW to 280 kW as listed in Table 5.4. The results using the A1 map
are illustrated in the colour plots of Fig. 5.17. In addition to the mean electrical
power as colour plot, the system constraints are plotted as contours. The black
contours delineate the validity range of the model by the sinkage limit and impose
a restriction on the control parameters. Another hydrodynamic constraint is the
lift (blue), which prevents the buoy from jumping out of the water followed by
slamming back accompanied with high impact forces on the buoy shell which
should be avoided. Because this PTO topology of cable and drum applies only
a damping force in the upwards movement, the upwards movement is damped in
such a way that the lift constraint is not reached in the valid region of the model.
PTO constraints
More importantly for this analysis, contour lines have been added corresponding
with the PTO constraints. An important machine constraint is its thermal limit.
The machine is used up to 200% of its rated torque, which can be done by mon-
itoring the resulting RMS torque over a moving (machine-specific) time window,
or by measuring the temperature of the machine to prevent exceedance of the max-
imum temperature.. To avoid the machine from overheating in this work, the RMS
torque must stay below the rated torque. Therefore the boundary is indicated in
magenta where the RMS torque Trms of the simulation run exceeds the nominal
torque of the corresponding machine. The other machine limit is the maximum
speed, the crossing of 200 % of the rated speed is marked here in white (the value
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Figure 5.17: Electrical power [kW] vs. control parameters msup and bext for the 6 steps of
PTO power with gearbox and A1 machine efficiency map, contours for
maximum sinkage (black), maximum speed (white), maximum RMS torque
(magenta) and lift (blue).
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of 3.6 on the figure, is the related buoy speed of 3.6 m/s).
It is not necessary to choose the control parameters to limit the maximum elec-
tromagnetic torque, as the operational working range of the machine is imple-
mented in the simulation model.
Effect on the control parameters
When the installed power is high, P5 and P6, the only reached limit is the sinkage
constraint, as visible in Fig. 5.17. When the installed power drops, the RMS torque
constraint takes over to decide on the control parameters. Consequently it can be
understood that the mean power is not only influenced by the lower available force,
but also by this suboptimal control to prevent the machine from overheating.
Overview of the results
Although the plots of Fig. 5.17 show the mean electrical power per installed power
for all sea states, and show where the constraints are reached, an overview such
as plotted in Fig. 5.18 gives more insight in the relation between installed power,
mean output power and constraints.
The first figure shows the relation between the installed power and the mean
electrical output power per sea state. The plots below show the different constraints
of the system as the normalised value, i.e. the ratio relative to the limit.
The mean electrical power increases strongly with higher installed power. For
SS5 and SS6 the rise is capped due to the reaching of the sinkage constraint as can
be seen in the plots of the sinkage. The slope is less steep for SS3 and SS4. For
SS3, the P6 outputs a power that is 5 % higher than with a P4, while the installed
power is one and a half times larger.
From the constraint plots can be derived that the sinkage constraint is only
reached in the higher sea states from SS4 onwards and from P5 and higher. The
lift constraint is never an issue for this PTO topology. The machine constraints of
RMS torque and maximum rotational speed give an interesting view on the used
capacity of the machine power. From P5 on, the margin towards the RMS torque
starts to grow even for SS4, SS5 and SS6. Hence, above P5 the machine is never
used at its maximum thermal capacity.
5.5 Influence of location
The power curve per sea state of a WEC shows the conversion performance in
relation to the sea states. Although this is an essential step in the assessment of
the technology, it is the produced (yearly) energy that is of concern to make a
WEC viable. Dimensioning the PTO to maximise the power conversion in the
highest sea states because they provide the highest power, might not be the way
to go, as a low yearly occurrence frequency might reduce the importance of these
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Figure 5.18: Mean electrical power per sea state vs. installed power with normalised
values in relation to the constraint limits for sinkage, lift, RMS torque and
rpm, for an A1 machine and gearbox.
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sea states from an energy point of view. Therefore it is better to design the PTO
taking the envisioned location in mind [29]. Looking at the mean available power
at a location, however, can be misleading, especially when there are large seasonal
differences in wave climate [68]. And [69] states that WECs should be designed
with adjustable power matrices to fit the location where they will be installed.
Consequently, calculating the yearly produced energy of a PTO under study is
an indispensable step in the designing process. To do so, the occurrence frequency
of each sea state at the intended location is a required input.
To appraise the influence of the location on the sensitivity of the PTO power,
three wave energy locations have been chosen from [70] as a base to define three
virtual possible locations: (i) Westhinder on the Belgian Continental Shelf with
an average annual wave power of 4.6 kW/m, (ii) Fino-Borkumriff on the German
Continental Shelf which has an annual average of 11.6 kW/m, and (iii) Utsira with
23.1 kW/m, located on the Norwegian Continental Shelf. These values however
differ for the used derived virtual locations.
From the above locations, three virtual locations are derived: Location 1, 2
and 3. These virtual locations are based on the occurrence frequencies of the real
locations (i), (ii), (iii) for the six sea states with characteristic wave heights from
0.25 m up to 2.75 m as detailed in Table 5.5. If any higher waves occur at the
real locations, the buoy is assumed to be in survival mode and will not convert
any energy. Zero production due to too low or too high waves happens for 1%,
7% and 19% of the time of the year for the three locations respectively. Therefore
the available annual averages for the derived Locations 1 to 3 are reduced to 4
kW/m, 6.3 kW/m and 7.6 kW/m respectively. The difference is also for a smaller
part due to the fact that equal mean periods per sea state are supposed for all three
virtual locations, which in fact is not the case. Nevertheless, this way of working
provides a realistic distribution of the occurrence frequencies, which are displayed
in Fig. 5.19.
The bars for the occurrence frequency of Fig. 5.19 clearly show that the occur-
rence of Location 1 is concentrated in the lower sea states while this shifts towards
the medium sea states for Location 2 and even more to the higher states for Loca-
tion 3. Furthermore, calculating the yearly available energy per meter wave crest
as plotted in Fig. 5.20, the emphasis gets a new shift to the right for all three lo-
cations. Besides the low capture ratio of the WEC at SS1, it is clear that also the
available energy of SS1 is negligible.
For Location 1, the available energy of SS2 is relatively large compared to the
other sea states at this location, making it not negligible for the power contribution
in the conversion process.
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Figure 5.19: Occurence frequencies for SS1 to SS6 for locations Location 1, 2 and 3.
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Figure 5.20: Yearly available energy per meter wave crest in MWh per sea state for the 3
locations
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Table 5.5: Occurence frequency (O.F.) of the sea states together with the corresponding
available annual energy (A.E.) for the three locations
SS 1 2 3 4 5 6
Hs [m] 0.25 0.75 1.25 1.75 2.25 2.75
Tm [s] 4.15 4.67 5.53 5.95 6.21 6.59
Avg annual available
wave power [kW/m] 0.13 1.35 4.5 9.57 16.77 27.73
O.F. [%] Location 1 21.58 37.25 22.02 10.65 5.14 2.27
O.F. [%] Location 2 9.14 27.31 22.62 18.55 10.25 5.08
O.F. [%] Location 3 4.7 15 21.8 17.1 12.9 9.4
A.E. [MWh] Location 1 0.3 4.5 8.3 8.8 7.9 5.7
A.E. [MWh] Location 2 0.1 3.3 8.5 15.3 15.7 12.8
A.E. [MWh] Location 3 0.1 1.8 8.2 14.1 19.8 23.8
5.5.1 Yearly energy yield vs. installed power per location
By including the occurrence frequency of the sea state for each location, the yearly
energy yield can be calculated as a function of the installed power. In a project
assessment, it will be the amount of energy that can be injected into the electricity
grid that makes an income. For each of the defined locations, the yearly energy
yield has been determined and collected in Fig. 5.21 for theA1 machine efficiency
map and a gearbox.
It is obvious from the above given occurrence frequencies, that the yearly yield
is hugely dependent on the location. In addition, the figure gives insight to which
degree the installed power influences the produced energy per location. One can
see that the gradient of the yearly yield vs. installed power is slightly lower for
Location 1 than for the more energetic Locations 2 and 3. The ratio between P5
and P1 is 2.7 for Location 1, while this is 3.1 and 3.4 for Location 2 and 3 respec-
tively. From both the power and yield curves can be concluded that an installed
power higher than P5 is useless, as there is no increase in yearly energy produc-
tion. Also, the fractions per sea states can be distinguished, which are slightly
different compared to the contribution of available wave energy of Fig. 5.20.
5.5.1.1 Capacity factor
The price of the PTO is often referred to as Euro per kW installed. Then it is
of interest to know the produced energy per kW installed. As this is expressed
as kWh/kW, it can be simplified to h (hour). Indeed, it is the equivalent number
of hours the PTO would have to operate at its nominal capacity (= full load) to
generate the same amount of energy, hence called the equivalent full load hours. If
the number of full load hours is subsequently divided by the total numbers of hours
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Figure 5.21: Yearly energy yield vs. the installed power for the 3 locations together with
the energy fractions per sea state for the A1 efficiency map and gearbox.
in one year, a value is obtained expressing in which amount the full capacity of the
PTO is utilised over the duration of one year. This value is called the capacity
factor.
The three possible expressions (kWh/kW installed, equivalent full load hours
and capacity factor) have been plotted in Fig. 5.22 for the three locations vs. to
the installed power. Analysing this figure one could conclude that the P1 case of
46 kW is the most interesting PTO power because it has the highest outcome per
installed kW. Assuming a linear price per kW, and assuming that there is enough
room in the sea, 5 WECs with a P1 PTO would indeed produce more energy
than a single WEC with a P5 PTO, and this with the same installed PTO power.
However, this reasoning is of course too simplistic as it does not account for the
total cost of the WEC, including the floater, installation and other corresponding
costs. Still, the graph is an interesting tool for a cost optimisation when all costs -
manufacturing, installation and operations & maintenance - and revenue per MWh
are known.
CHAPTER 5 85
0 50 100 150 200 250 300
0
100
200
300
400
500
Installed Power
Y
ea
rly
 Y
ie
ld
 p
er
 in
sta
lle
d 
po
w
er
 [k
W
h/k
W
]
o
r 
Eq
ui
va
le
nt
 fu
ll 
lo
ad
 h
ou
rs
 [h
]
 
 
Location 1
Location 2
Location 3
0
1
2
3
4
5
Ca
pa
ci
ty
 F
ac
to
r [
%
]
Figure 5.22: The yearly yield per installed power [kWh/kW], or full load hours [h] on the
left y-axis, and the capacity factor [%] on the right y-axis vs. the installed
power for the three locations, with an A1 efficiency map and gearbox.
5.5.1.2 Influence of the PTO efficiency on the yearly yield per location
The analyses of Section 5.3.2 focussed on the influence of the PTO efficiency on
the mean power per sea state, of which the results were collected in Fig. 5.15.
A step further is to assess the impact towards the yearly yield on the three stud-
ied locations. The results are gathered in Fig. 5.23 where per location the yearly
electrical energy production for all efficiency map variants are plotted.
The yield curves in Fig. 5.23 demonstrate that the energy yield varies signifi-
cantly with changing PTO efficiency, as could already be expected from the power
curves of Fig. 5.15.
Within the map variants
The diverging output between the A variants is still noticeable, as summarised in
Table 5.6. For a P5 PTO (see Table 5.4), a drop of 1% in maximum efficiency
has a decrease of more than 3% as a consequence at Location 1 and 2. At Loca-
tion 3 this is slightly more modest, approximately 2.8% per percent of maximum
efficiency. With a smaller installed power of P3, this reduction is less, but still
significant between 2.4% and 2.7% per percent drop in maximum efficiency. This
lower sensitivity with a lower installed power can be attributed to the fact that the
PTO operates more often at more efficient regions.
For the B efficiency maps, the difference in between its variants is slightly
more pronounced, as demonstrated in Table 5.7. An identical trend is observed as
within the A variants, both for a P5 and P3 PTO.
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Figure 5.23: Yearly energy yield vs. the installed power for the A and B variants
efficiency map also including a gearbox map for Location 1, 2 and 3.
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Table 5.6: Difference in yearly energy yield (YY) between the 4 A efficiency map variants
for the three locations, for installed power P5 and P3. For A1 the absolute
value is given in MWh, for the other variants the ratio vs. A1 is given in %
Installed
power Location
A1
YY [MWh]
A2
% of A1
A3
% of A1
A4
% of A1
P5 Location 1 44.3 96.8 93.7 90.6
Location 2 67.2 96.9 93.9 90.9
Location 3 77.2 97.1 94.2 91.3
P3 Location 1 36.2 97.3 94.5 92.0
Location 2 52.3 97.5 94.9 92.5
Location 3 58.5 97.6 95.2 92.9
Table 5.7: Difference in yearly energy yield (YY) between the 4 B efficiency map variants
for the three locations, for installed power P5 and P3. For B1 the absolute
value is given in MWh, for the other variants the ratio vs. B1 is given in %
Installed
power Location
B1
YY [MWh]
B2
% of B1
B3
% of B1
B4
% of B1
P5 Location 1 62.9 97.0 93.4 90.2
Location 2 92.5 97.2 93.8 90.7
Location 3 104.0 97.3 94.1 91.2
P3 Location 1 52.6 97.5 94.5 91.8
Location 2 72.9 97.7 94.9 92.4
Location 3 79.5 97.8 95.2 92.8
Between the A and B map variants
Table 5.8 compares the yield of the A1 and B3 maps, which have an equal maxi-
mum efficiency. However, due to its much flatter shape, the B3 map benefits from
a higher efficiency over a larger operation range of the machine. This has a sub-
stantial effect on the yearly electrical energy yield: a machine with a B3 shaped
efficiency map outputs up to 133% of a A1 shaped map for a P5 installed power
(see Table 5.4), and up to 138% for a P3 PTO.
The better performance logically results in a better capacity factor as plotted
in Fig. 5.24, the capacity factor for a P5-B3 is 4.8% at Location 3, compared to
3.8% for a P5-A1 machine.
From the table (and the plots of Fig. 5.23) can also be noted that a P3-B3 PTO
outputs more than a P5-A1 at Location 1 and 2, and almost as much at Location 3.
This is an important finding: a P3-B3 machine produces the same amount of
energy as the P5-A1 machine, with only 60% of the installed power.
It is consequently a matter of economics and/or life-cycle analysis (a.o. rare
resources and other environment concerns) to decide on the most interesting PTO
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at a proposed location.
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Figure 5.24: The yearly yield per installed power [kWh/kW], or full load hours [h] on the
left y-axis, and the capacity factor [%] on the right y-axis vs. the installed
power for the three locations, with a B3 efficiency map and gearbox
Table 5.8: Comparison of the yearly energy yield between A1 and B3 efficiency maps
with equal nominal efficiency but different shape, for a P5 and P3 PTO with
gearbox
Installed
power Location
A1
[MWh]
B3
[MWh]
B3
% of A1
P5 Location 1 44.3 58.7 133
Location 2 67.2 86.8 129
Location 3 77.2 97.9 127
P3 Location 1 36.2 49.7 138
Location 2 52.3 69.3 132
Location 3 58.5 75.6 129
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5.6 Electromechanical optimisation of PTO sizing
5.6.1 Optimising the available speed
The sensitivity analysis on the installed power of Section 5.4 mainly comes down
to a sensitivity on the available force, i.e. the electromagnetic torque of the machine
because the rated speed was fixed. However, the maximum available torque is not
just taken into account as a fixed maximum, because the inclusion of the operation
range (with field weakening) forces the maximum available torque to drop above
the rated speed.
The optimisation of the speed is an interesting next step to further minimise the
installed power for a certain yearly yield, or increase the amount of energy for a
certain installed power. This essentially results in a higher capacity factor, or more
energy per PTO cost for a fixed technology.
To optimise the rated speed of the PTO, the bottom plot of Fig. 5.18 is a good
indicator: it shows the degree to which the available speed is used. The y-axis
represents the normalised speed relative to the maximum speed of 200% of the
nominal speed (1500 rpm in that case). The highest speeds occur in sea state 6,
the maximum occupation ratio of the available speed is 85% for P2, and 77% for
a P5 installed power. Consequently, when focussing on the P5 case, a theoretical
power reduction of 20% could be carried out by lowering the available speed.
This could be effectuated by using a machine with a lower rated speed, and/or by
changing the transmission ratio between the machine and the drum. To avoid too
many sidetracks in this study, the transmission ratio is kept fixed (and thus also
the gearbox efficiency map), and the rated speed of the machine is varied, possibly
leading to virtual machine sizes, which in practice can be tackled an adjustment of
the gear ratio with an existing machine size. (Please keep in mind that a different
gear ratio can change the gearbox efficiency and will affect the equivalent linear
mass of the PTO).
To evaluate if the reduction in rated speed of 20% is indeed possible, a simula-
tion is run for the P5 case using the same control parameters but with a rated speed
of 1200 rpm. The scatter of the operation points for the 1500 rpm reference case is
shown in the upper figure of Fig. 5.25 and the lower figure presents the operation
points of the reduced nominal speed of 1200 rpm. The figure makes clear that the
actual maximum speed of the PTO even increases. This can be explained by the
earlier manifestation of the field weakening. Therefore the buoy is less damped
and reaches a higher peak speed. Thus this intervention is not advantageous as
it exceeds the predefined PTO constraints. Additionally, the resulting absorbed
power drops with almost 5%, and the electrical power with almost 2.5%. The
smaller drop in electrical power than in absorbed power can be explained by the
relative relocation of the operation points on the efficiency map, here apparently
with a beneficial effect.
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Figure 5.25: Scatter of the operating points for a SS6 simulation for a 1500 rpm rated
machine (top), and a 1200 rpm rated machine (bottom), showing the increase
of speed due to the lack of damping at field weakening.
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Figure 5.26: Scatter of the operating points for a SS6 simulation for a 1350rpm rated
machine.
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By giving the installed power minimisation a second try with a rated speed of
1350 rpm, i.e. 90% of 1500 rpm, the resulting absorbed power drops only with
1%, and more importantly the electrical power is the same. A drawback is the
very small margin in available speed as can be seen in Fig. 5.26. A compromise
could be made by increasing the margin while remaining some percent of power
reduction.
Adapting control parameters to reduce the installed power
In the above reduction of the rated speed, the control parameters were not opti-
mised for the 1350 rpm rated machine, but the optimal parameters for a 1500 rpm
machine were maintained. Optimising the control parameters for the 1350 rpm
machine might already lower the peak speed, but even suboptimal control for SS6
could be performed as this sea state contributes only for a limited part to the yearly
yield.
Thus it is proposed to examine the effect of the control parameters on the PTO
peak speed. Accordingly, new simulations have been run with a higher iteration
resolution and a larger range for the control parameter bext for the P5 machine.
Fig. 5.27 shows the colour plot of 108 simulations of different parameter com-
binations. The figure shows by means of the yellow contour lines of peak buoy
speed that the control parameters can be adapted to diminish it. The blue dot on
the y-axis indicates the parameter combination where the lowest maximum speed
is reached, a buoy speed of 2.55 m/s corresponding with approximately 2230 rpm
at the machine shaft, hence a required rated rotational speed of 1115 rpm.
Even though this is significantly lower compared to the 2420 rpm of the initial
P5 situation (top plot of Fig. 5.25), the speed might again rise when simulating
with a 1115 rpm rated machine due to the lower available torque at field weaken-
ing, as illustrated in the bottom plot of that same figure.
Therefore a sensitivity investigation of the influence of both the rated torque
and speed on the mean power per sea state - and thus the yearly yield - seems
necessary for a clear view on the possibility to reduce the installed machine power.
5.6.2 Optimizing rated torque and speed
While the pragmatic power reduction of 10% described above is already mean-
ingful, the conclusion suggests a stepwise analysis of the available speed in com-
bination with the available torque to have a well-founded outcome. It was also
questioned if maximising the power conversion at SS6 is necessary. And, is it
justified or necessary to dimension the PTO for power maximisation at a sea state
contributing for 11%, 16% and 27% (for Location 1, 2 and 3 respectively) of the
yearly yield? The sensitivity analysis of the installed power already showed that
the gain in energy is less than linear proportional with the torque. Hence a subopti-
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Figure 5.27: Mean electrical power [kW] for SS6 with a P5-A1 machine, contour lines
for the buoy speed [m/s] in yellow, for the sinkage in black, and RMS torque
in cyan.
mal dimensioning of the PTO can be interesting as a slight loss in mean power for
the higher sea states due to of a smaller speed range will have an attenuated effect
on the yearly yield, certainly for Location 1 and 2 where its occurrence frequency
is relatively low.
The previous analyses revealed that not the installed power as a single parame-
ter influences the power output of the PTO, but that it is the available force (torque)
together with the speed range that determine the maximum ability to absorb the
wave power. New simulations have been set up to vary both the available torque
and the available speed iteratively. The results of these simulations can no longer
be plotted in a two axis plot, but are represented as colour plots as a function of
rated torque and speed of the machine used. To help to distinguish these plots from
the efficiency maps and T -n plots of operation points, the torque has been put on
the x-axis and the speed on the y-axis. This way of representing is also the closest
to the previous representation of Pel vs. the installed power. There, the rated speed
was fixed, thus the installed power of the x-axis was directly proportional to the
rated torque.
For the rotational speed fives steps have been taken n1 to n5, and six steps
as for the installed power have been maintained for the torque: T1 to T6. The
corresponding values are displayed in Table 5.9. The values are not set at ratings of
available machines, but as a tool to illustrate the influence of the available torque
and speed. The change in available speed can be effectuated by changing the
transmission ratio of the drive train. A n4 machine, for example, can be realised
with a 1500 rpm machine and a gearbox ratio that is 1500/1400 higher than the n5
case. When both have a T6 rated torque, the rated torque of the n4 machine will
in reality be lower than the 1788 Nm, to be exact: 1400/1500*1788 = 1669 Nm.
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Table 5.9: The five steps in rotational speed n1 to n5 in [rpm] and the six steps in torque
T1 to T6 in [Nm].
n1 n2 n3 n4 n5
[rpm] 1100 1200 1300 1400 1500
T1 T2 T3 T4 T5 T6
[Nm] 298 596 894 1192 1490 1788
The T6-n5 case has the same power as the P6 case, i.e. 280 kW. To concentrate
on the influence of torque and speed, the PTO inertia has been fixed for all cases
at the value from the P5 case, i.e. a rotor inertia value of 5.3 kgm2, consisting of
two times 2.65 kgm2 based on a split PTO analogous to the Wave Pioneer.
5.6.2.1 Mean electrical power - A1 map
For every of the 30 combinations of torque and speed, the control parameters are
optimised accounting for the PTO and hydrodynamic constraints by iterative sim-
ulations such as in the previous simulations, and this for every sea state (with
approximately 90 simulations per case on average, this makes 30*90*6=16200
simulations). The resulting mean electrical power for an A1 machine with gear-
box has consequently been plotted in the colour plots of Fig. 5.28 vs. rated torque
and speed, for each sea state. The corresponding rated power has been added as
contour lines to enhance the interpretation towards the performance in relation to
the installed power.
Sea state 1 is included for completeness, but it is clear again that the power
is too low. From SS2 on, it emerges that a lower rated speed increases the mean
output power. Even though the rise is moderate, the fact that the corresponding
installed power drops (and as assumed, the price) makes it interesting.
From SS4 on, the T1 simulations did not give any useful results, as well as
some of the T2 points for SS5 and SS6. The power value is hence set to zero. This
is probably due to the fixed rotor inertia which could be relatively too high for the
lower rated torques. In the simulations for the power steps the rotor inertia was a
function of the installed power. This is nevertheless not seen as an issue as it is
very unlikely to equip a WEC with such a low powered PTO.
For SS6, none of the n1 simulations gave a workable control parameter set, the
power value is hence also set to zero. Which assumes the buoy to go in survival
mode at that time.
The rise in mean electrical output power is not (necessarily) because the lower
speed rated machines can absorb more power from the waves. Sometimes they do,
but sometimes on the contrary the absorbed power drops or remains status quo.
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Figure 5.28: Mean electrical power (A1 map & gearbox) vs. rated torque and speed for
sea states 1 to 6, contour lines for the rated power [kW].
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Figure 5.29: Scatter of the operating points for SS4 (left) and SS6 (right) on a merged
efficiency map of A1 machine and gearbox for a T6-1500 rpm (upper) and a
T6-1200 rpm (bottom) rated machine.
The power rise with lower rated speed can be explained by the fact that the PTO
operates at more efficient operation points more often as the operation is shifted
toward the optimum efficiency.
In Fig. 5.29 the operation points are scattered on a merged efficiency map of
the A1 machine and the gearbox efficiency map. In the left column two cases
have been presented for SS4, and in the right column for SS6. The upper figures
depict a T6-1500 rpm rated machine, and the lower figure a T6-1200 rpm machine.
The figures illustrate the shift of the operating points towards the better efficiency
zones.
The resulting average PTO efficiency, i.e. the ratio of the mean electrical power
to the absorbed power Pel/Pabs, confirms this: 58.7% for the 1200 rpm case
vs. 55.8% for 1500 rpm in SS4, and 70.4% vs. 67.8% in SS6.
5.6.2.2 Constraints - A1 map
As for the earlier analyses, the hydrodynamic constraints of sinkage and lift, and
the PTO constraints of RMS torque and maximum speed have been accounted
96 A DRUM AND CABLE BASED PTO
for. The normalised values in relation to the constraint limits have been plotted in
Fig. 5.30. The maximum sinkage is reached at the highest rated torques from SS4
on. The lift limit does not pose any problem for the drum and cable PTO topology.
The thermal capacity of the machines is well occupied for the higher sea states,
only T6 offers some margin for the RMS torque. In SS5 some margin in RMS
torque can be detected as well for the 1100 rpm machines, but this is due to the
fact that the control parameters are determined by the speed limit as can be seen
in the corresponding plot for the speed limit: it is coloured dark red around T3-n1
and T4-n1. The speed is also the limiting factor for most of the machines in SS6
as indicated by the large dark red spot.
In the simulations, the hydrodynamic and PTO constraints are considered as
such that a combination of control parameters is chosen where the limits were not
exceeded during the hydrodynamic simulation using a defined timeseries of excit-
ing wave forces per sea state. In real life however, waves might occur during a
certain sea state that do exhibit a risk towards the constraints. It should be noted
that if an economic analysis is in favour of a certain PTO size, further research
should investigate if the margin towards the PTO constraints is sufficient. Addi-
tionally, an advanced control algorithm could be developed to monitor the PTO
constraints in real-time during operation and adjust the control action to respect
the limits.
5.6.2.3 Yearly yield - A1 map
The trends of the power maps of Fig. 5.28 are in favour of the lower rated speed
machines for most of the sea states, but the occurrence frequency of the sea states
at the three test locations is decisive for the yearly energy production. The plots of
the yearly electrical energy yield are collected in the left column of Fig. 5.31 for
all three locations, and T6-n2 appears to be the most favourable option in terms of
energy production. In contrast to the n5 cases, the energy still increases between
T5 and T6, and might even further increase as can be assumed from the graphs.
However, with an energy rise of approximately 1%, 2% and 3% for the three lo-
cations respectively, it will be quite uneconomically to do this as this needs a 20%
higher torque. Numerical values of all cases have been gathered in Table 5.10. For
each case the ratio relative to the maximum case has been displayed in percent.
The n cases have been ordered in descending order to correspond to the order in
the colour plots.
Another observation that can be made is the influence of the zero production
at SS6 for the n1 cases. As the occurrence frequency of SS6 at Location 1 is
very low, the influence thereof towards the yearly yield is much more moderate
compared to Location 2 and certainly Location 3 where SS6 occurs 2 to 3 times as
much.
The right column of Fig. 5.31 depicts the amount of energy per rated power
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Figure 5.30: Normalised values in relation to the constraint limits for sinkage, lift, RMS
torque and speed, for an A1 machine and gearbox.
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Figure 5.31: The yearly yield [MWh] vs. the rated torque and speed (left column), and the
yearly yield per installed power [kWh/kW], or equivalent full load hours [h]
vs. the rated torque and speed (right column), for the three locations, with an
A1 efficiency map and gearbox.
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Table 5.10: The ratio in [%] relative to the maximum yield at Location 1, 2 and 3
respectively for every rated torque and speed combination for a A1 map.
Location 1 T1 T2 T3 T4 T5 T6
n5 14.0 57.0 77.0 88.3 93.8 94.3
n4 14.7 58.8 79.2 90.3 95.8 96.2
n3 15.5 56.2 81.2 92.0 97.5 98.2
n2 16.2 58.0 82.6 93.4 98.9 100.0
n1 17.0 50.6 76.2 85.8 89.6 90.8
Location 2 T1 T2 T3 T4 T5 T6
n5 7.8 51.7 73.3 86.6 93.7 94.6
n4 8.2 53.2 75.3 88.4 95.5 96.4
n3 8.6 48.1 76.8 89.7 96.9 98.3
n2 9.1 49.4 77.5 90.5 98.0 100.0
n1 9.5 38.7 67.0 78.2 83.3 85.5
Location 3 T1 T2 T3 T4 T5 T6
n5 5.1 48.7 71.3 85.8 94.1 95.0
n4 5.4 50.0 73.1 87.3 95.6 96.7
n3 5.7 40.6 74.2 88.2 96.7 98.5
n2 6.0 41.7 74.1 88.7 97.4 100.0
n1 6.3 29.5 57.2 67.9 73.0 75.3
of the simulated machines. As already explained, this can be seen as the amount
to which a machine is used in relation to its maximum capacity. By dividing the
number of equivalent full load hours by the number of hours per year, the capacity
factor is found. The corresponding maximum capacity factor for Locations 1, 2
and 3 is 4.2%, 5.7% and 6.2% respectively.
5.6.2.4 Yearly yield - B3
The efficiency map shape of the B variants is flatter than the A variants, therefore
it is interesting to repeat the rated torque and speed sensitivity analysis for the B3
map to evaluate the resulting yearly yield. The B3 map has been chosen as its
maximum efficiency is equal to the A1 map.
The plotted results of the yearly yield for the three locations in the left column
of Fig. 5.32 already show that the trend is different as for the A1 results. The
smaller rated speed machines are now not the right choice for yield maximisation,
as also illustrated by the numbers of Table 5.11. In all of the three locations the
T5-n5 outputs the highest yield on an annual basis.
As for the A1 analysis, the T1 cases and some of the T2 cases do not give
useful results from SS4 onwards, and none of the n1 cases for SS6.
The flatter efficiency map of theB3 machine, even when merged with the gear-
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Figure 5.32: The yearly yield [MWh] vs. the rated torque and speed (left column), and the
yearly yield per installed power [kWh/kW], or equivalent full load hours [h]
vs. the rated torque and speed (right column), for the three locations, with a
B3 efficiency map and gearbox.
box efficiency map as displayed in Fig. 5.33, apparently results in an slightly op-
posite effect as seen with theA1 map. It can be noticed that theA1 map (Fig. 5.29)
has rather low efficiencies around zero-speed, while this band is much smaller for
the B3 map (Fig. 5.33). On the other hand, some of the motoring points will end
up at lower efficiency zones as can be spotted in the upper left quadrant of the SS6
1200 rpm case of Fig. 5.33.
Nevertheless, the yield does not drop substantially for decreasing rated speeds,
and the choice for a smaller rated speed machine can thus be a more economic
option as demonstrated by the fact that the relative drop in installed power for
the T5-n2 (and even the T5-n1) case is larger than the relative difference in yield
compared to the T5-n5 case. The figures on the right of Fig. 5.32 represents this in
terms of energy per installed power (or equivalent full load hours) which is directly
proportional with the capacity factor.
If the choice was to be made between a A1 or a B3 machine, the numbers of
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Table 5.11: The ratio in [%] relative to the maximum yield at Location 1, 2 and 3
respectively for every rated torque and speed combination for a B3 map.
Location 1 T1 T2 T3 T4 T5 T6
n5 19.3 64.2 84.7 95.3 100.0 97.8
n4 19.5 64.4 85.1 95.3 99.7 97.9
n3 19.6 60.6 84.9 95.0 99.2 98.0
n2 19.8 60.8 84.1 94.3 98.4 97.9
n1 19.9 52.6 76.1 85.1 88.2 88.2
Location 2 T1 T2 T3 T4 T5 T6
n5 10.9 56.9 79.5 93.0 100.0 97.9
n4 11.0 57.1 79.9 92.9 99.5 98.0
n3 11.0 51.1 79.4 92.3 98.8 98.0
n2 11.1 51.2 78.3 91.3 97.6 98.0
n1 11.2 40.1 66.7 77.6 82.4 83.3
Location 3 T1 T2 T3 T4 T5 T6
n5 7.2 52.9 76.7 91.6 100.0 97.7
n4 7.2 53.0 77.0 91.3 99.2 97.8
n3 7.3 43.0 76.3 90.5 98.2 97.8
n2 7.3 43.1 74.4 89.1 96.8 97.7
n1 7.4 30.7 57.1 67.7 72.5 73.8
Table 5.12 demonstrate that a B3 machine can output importantly more energy
than the the A1 machine. Up to 30% more yield for the T4, 5, 6 cases. A B3
machine consequently has a significant margin to be more expensive, or can be
dimensioned much smaller to output an equal yearly yield. Again, all costs, from
manufacturing over installation to operational and yearly expected revenues must
be taken into account to make a justified choice.
5.6.3 Direct drive machine
All previous simulations assumed a PTO including a gearbox, with accompanying
losses. A gearbox enables the use of fast turning, widely available machines, which
are mostly less expensive than slow turning direct drive (DD) rotational machines,
but a gearbox brings friction losses. Furthermore, it is a component which might
need maintenance with associated costs and mechanical transmission systems are
believed to be challenged by the reciprocating motion accompanied with WECs
[24].
Here again, it is the cost together with the revenues of the yearly yield that will
decide on the economic end-total, therefore a thorough study of the effect of the
gearbox, or better the effect of omitting it, is necessary.
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Figure 5.33: Scatter of the operating points for SS4 (left) and SS6 (right) on a merged
efficiency map of B3 machine and gearbox for a T6-1500 rpm (upper) and a
T6-1200 rpm (bottom) rated machine.
In the results that follow, the gearbox has been removed from the drive train
and the machine is assumed to be a high pole machine connected directly to and
thus running at the same speed of the drum. Depending on the minimum bending
radius of the cable, the drum diameter can be adapted to adjust the rotational speed
in relation to the floater speed to fit to the speed range of a machine, hence the best
techno-economic option can be chosen.
As theA efficiency map variants are from an induction machine, and low speed
induction machines are considered to have rather poor efficiencies, the analysis has
been done for the B3 map only.
Table 5.13 collects the comparison between the direct drive and the gearbox
results as the ratio of the yearly yield (YY) of the DD case relative to the yield of
the gearbox (GB) case in percentage: YY(DD)/YY(GB) in [%]. The effect is larger
for the lower energy locations than for higher energy locations. It is supposed that
this is due to the fact that the PTO uses more often higher torques in higher sea
states, at which point the gearbox efficiency is higher. In lower sea states, the
PTO operates more frequently at the lower efficiency zone of the gearbox, thus
removing it has a greater effect on the resulting mean power in lower sea states.
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Table 5.12: Comparison of the yearly yield of the B3 cases with the A1 cases as
YY(B3)/YY(A1) in [%].
Location 1 T1 T2 T3 T4 T5 T6
n5 172 140 137 135 133 129
n4 165 137 134 132 130 127
n3 158 135 130 129 127 124
n2 152 131 127 126 124 122
n1 146 130 125 124 123 121
Location 2 T1 T2 T3 T4 T5 T6
n5 170 134 132 130 130 126
n4 163 130 129 128 127 123
n3 156 129 126 125 124 121
n2 149 126 123 122 121 119
n1 143 126 121 121 120 118
Location 3 T1 T2 T3 T4 T5 T6
n5 167 130 129 128 127 123
n4 160 127 126 125 124 121
n3 153 127 123 123 122 119
n2 146 124 120 120 119 117
n1 140 124 119 119 119 117
The yield increase of the DD vs. the gearbox PTO varies between 9% and
15% for the T5-n2-5 cases, while the nominal efficiency of the gearbox is 95%.
These results emphasise again the importance of using efficiency maps instead of
the nominal value for wave energy yield estimations, although it should be kept in
mind that the equivalent PTO mass of a DD is much lower than for a geared PTO.
And the magnitude of the equivalent mass affects the WEC performance, which is
studied in detail in the next subsection.
Although the absolute inertia for the direct drive machines is much larger (two
times 48.5kgm2), the influence is almost not noticeable under the low rotational
speed and according low rotational acceleration. The corresponding equivalent
PTO mass in the linear analogy is consequently very moderate: 1 ton compared to
the buoy mass of 29 ton and certainly compared to the equivalent PTO mass of the
gearbox cases of 47 ton (with two times 2.65 kgm2).
What can be noticed also is that the ratio for the T1 cases is very high. In the
gearbox cases, the performance of the T1 cases is very low due to the relatively
high inertia for this rated torque, and its low ability to deal with its acceleration.
In general, there is a clear margin to take a more expensive direct drive solution
over a geared fast turning machine. Additionally a direct drive PTO could offer
higher reliability as there are less mechanical components, and might need less
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Table 5.13: Comparison of the yearly yield of the B3 direct drive (DD) cases with the B3
gearbox cases as YY(DD)/YY(GB) in [%].
Location 1 T1 T2 T3 T4 T5 T6
n5 211 109 108 111 114 120
n4 210 109 108 111 115 120
n3 210 116 109 112 115 118
n2 209 116 110 112 114 117
n1 194 125 112 113 124 129
Location 2 T1 T2 T3 T4 T5 T6
n5 319 110 106 108 111 118
n4 318 110 106 108 111 117
n3 316 123 106 109 111 115
n2 314 123 108 109 111 113
n1 286 138 110 111 125 131
Location 3 T1 T2 T3 T4 T5 T6
n5 434 112 105 107 109 118
n4 432 112 105 107 110 117
n3 430 138 106 108 109 113
n2 427 138 109 108 109 111
n1 362 153 110 110 137 144
maintenance. This should be kept in mind while budgeting the operational costs.
5.6.4 Optimizing the PTO inertia
The machine’s rotor inertia contributes to the total (linear) inertia of the hydrody-
namic system. An equivalent linear mass can be calculated taking into account the
transmission ratios, see equation (5.6). The relation shows the high influence of
the gearbox ratio Rg as the equivalent mass is proportional to its square. Thus the
influence is substantially lower (even almost not noticeable) in direct drive sys-
tems. In the drum and cable system, the rotary PTO inertia only influences the
hydrodynamic system when the acceleration is positive as only pull forces can be
exerted by the cable. On the other hand, the magnitude of the inertia has an effect
on the required torque to accelerate it to keep the cable taut.
A certain amount of rotor inertia is expected to be beneficial, since motor tun-
ing already showed to increase the yearly yield by mimicking the behaviour of a
physical inertia. Optimizing the rotational PTO inertia is also called inertia tun-
ing, it will tune the natural frequency of the WEC towards the wave frequency by
adapting the inertia.
By increasing the physical inertia, it is expected that the virtual supplementary
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Table 5.14: Comparison of the yearly yield in relation to the maximum [%] vs the
machine’s rotor inertia for Location 1, 2 and 3.
Inertia [kgm2] Location 1 Location 2 Location 3
2 96.8 96.6 96.7
3 98.1 98.0 98.2
4 99.1 99.2 99.4
5 99.3 99.2 99.2
6 100.0 100.0 100.0
7 99.9 99.7 99.5
8 99.7 99.5 99.5
9 99.6 99.3 99.0
mass applied by the PTO can be decreased, with a corresponding improvement of
the WEC’s performance.
A sensitivity analysis has been performed on a 1500 rpm machine to allow
for some speed margin. It is known that the inertia increases the shaft torque in
relation to the electromagnetic torque due to its acceleration torque, therefore a
torque size of T4 has been chosen, as the effect might be less visible at higher
torques due to the fact that the yield stops rising from a certain torque level (cfr.
Fig. 5.21). In this analysis the gearbox efficiency is not taken into account, because
the implementation needs the maximum occurring shaft torque which is not known
in advance. From the results, the effect on the supplementary mass is evaluated, as
well as the effect on the yearly yield.
The decrease in motor tuning need by means of the supplementary mass msup
is illustrated by the plots in Fig. 5.34, where a descending trend in all sea states
confirms the expectation (the stepped curve is due to the resolution ofmsup used in
the simulations). The other control parameter bext, determining the PTO damping,
remains nearly unaffected.
The influence of the inertia’s magnitude on the yearly yield is collected in
Table 5.14 and shows an increase of more than 3% between the lowest and the
optimum inertia for all three locations. Above 6 kgm2 the system performance
drops slightly.
The simulations for the torque-speed optimisation used a rotor inertia value of
5.3 kgm2, consisting of two times 2.65 kgm2 based on a split PTO analogous to
the Wave Pioneer. The value of 5.3 kgm2 is coincidentally close to the optimum.
Splitting of the PTO power might have had an advantageous effect on the yield, as
larger machines might have a larger inertia density per kW installed power.
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Figure 5.34: Supplementary mass msup [kg] vs. rotor inertia [kgm2] for an A1 T4-n5
machine.
5.7 Conclusion
As an extension to the hydrodynamic model of the floater, a detailed PTO model
has been developed, in this chapter for the drum and cable topology. The model
consists of the dynamics and the operational limits of the electrical machine, and
accounts for the efficiency of the most relevant parts of the drive train. The ef-
ficiency has been included as maps as a function of the actual torque and speed
from which the actual efficiency value for that specific load condition is read at
every simulation cycle. The latter is done for the machine and the gearbox, and
a fixed value is used for the variable frequency drive. In this way the electrical
output of the PTO can be estimated more realistically. This is especially important
given the highly variable nature of wave energy where the PTO operates at a very
broad working range. The use of only the nominal efficiency value is therefore not
appropriate.
After explaining the drum & cable simulation model, the specific PTO control
is described considering the unidirectional nature of the cable and comprising of a
term to keep the cable tense at all times. The importance of the control parameters
is pointed out by means of an unlimited PTO: on the one hand to maximise the
power absorption, and on the other hand to respect the floater constraints. The
amount of tuning should be restricted to prevent the buoy from being overflooded
by the water. Notwithstanding the need to limit the magnitude of the tuning, the
effect of the reactive control is still significant and increases the power absorption
up to 230% compared to a simple damping control. The control parameters are sea
state dependent and should thus be selected appropriately.
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Analysing the electrical output instead of only the absorbed power, the studies
performed in this chapter with the drum & cable PTO showed that the PTO effi-
ciency has a major influence on the electrical outcome. Due to the bidirectional
power flow inherent to the reactive control, the effect thereof diminishes, but is still
substantial: a reactively controlled WEC reaches up to 140% in electrical power
compared to a WEC that is only damped.
The level of the efficiency is logically not to be underestimated. In first in-
stance the magnitude of the nominal efficiency of the PTO is evaluated. A dif-
ference of 1% results in a change of approximately 3% in yearly yield for the
simulated locations (Tables 5.6 and 5.7). Secondly, and not at least, the shape of
the PTO efficiency map has a substantial effect. The shape is mainly dependent on
the machine topology (e.g. induction machine or permanent magnet synchronous
machine) and design. The performed analysis revealed a significant influence of
the shape of the efficiency map as a function of actual torque and speed. Two elec-
trical machines with equal maximum efficiency were compared. The first - A1 -
has a relatively pointed shape, while the other - B3 - has a flatter shape and hence
higher efficiency along a larger operation range. The difference in yearly yield
was approximately 30% for a high installed power at all locations, and even up
to 40% for a moderate installed power at a low energetic location (Table 5.8 and
Table 5.12). This creates an important potentiality for the use of high performance
machines: a more efficient machine has an ample margin to be more expensive
and still reach equal or better profitability.
The average PTO efficiency depends on the wave conditions because the PTO
operates more often in lower efficiency zones at lower sea states. The values vary
between 46% and 68% for the A1 case for SS1 and SS6 respectively, and between
58% and 77% for the B3 map, for a drum and cable PTO of 280kW 1500 rpm
with gearbox. These values should help to realise that feasibility assessments of a
WEC based on absorbed power are highly overrated.
Several sensitivity studies have been performed as guidelines to the dimension-
ing of the PTO. Power maximisation for all sea states for a certain floater shape is
not necessarily the economic optimum as this requires a relatively high installed
PTO power. Better is to dimension the PTO with the envisioned exploitation site
in mind. The local wave climate, i.e. the occurrence of each sea state, has a non-
negligible influence on the relation between the installed power and the average
yield. The more energetic a location is, the higher the gradient of the yield vs. the
installed power (Fig 5.21). By using these yield values and the associated revenue
per MWh, an economic assessment can be executed accounting for all costs from
manufacturing over installation up to operational and end-of-life costs to decide on
the optimal PTO power. Considering that the PTO cost is estimated at 20% - 30%
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of the total manufacturing cost of the WEC [30–32], a significant contribution can
be made to the total cost by reducing the PTO cost.
It should be noted that the optimal diameter might also be location dependent.
This is out of scope of this study, but the presented methodology can be used to
find the most profitable PTO for each floater diameter to subsequently choose the
optimal WEC out of the studied diameters.
To determine the effect of the installed power on the electrical power, six power
steps based on the available torque have been evaluated. The mean electrical power
achieved per sea state rises with the installed power until capped due to reaching
of the sinkage constraint. Because the wave climate of the location where the
WEC will be deployed will determine the potential wave energy conversion, the
average annual yield for three different locations has been quantified based on the
occurrence frequency of each sea state. Revealing a substantial different yield
curve for each location.
The iterations in available torque showed an ample margin in speed range, and
moreover, the control parameters can be selected to diminish the peak speed with
only a moderate loss in output power. Consequently, in a following stage, this
chapter presented a decomposition of the rated PTO power in the rated torque and
rated speed to study the influence of these design parameters separately. The start-
ing point was to minimise the installed power by reducing the available required
speed margin with a certain rated torque. The outcome was slightly different for
the A1 and B3 map, but permitted a substantial power reduction for both. For the
A1 map, the yearly yield even increases with decreasing available speed because
the operating points shift to better efficiency zones in the operational range. For
example, the installed power can be reduced by 20% accompanied by a yield in-
crease of approximately 5% for T5 (n5 to n2), or a power reduction of 35% can be
effectuated from T5-n5 to T4-n2 while maintaining an equal yield (Table 5.10).
For the B3 map, the influence of the shift of the operational points is slightly op-
posite. The maximum yield is achieved at the largest available speed, but the loss
in yield is maximum 3.2% for a 20% drop in installed power for the T5 cases (n5
to n2).
Another electromechanical optimisation investigated is the use of a direct drive
rotational machine. The gearbox losses are then omitted with a corresponding
yield gain of 9% to 15% for the T5 cases (Table 5.13). This can however not be
seen as the losses over the gearbox, because the yield is also affected by the change
in hydrodynamic response due to the smaller equivalent PTO mass of the DD. A
direct drive option possibly also reduces the maintenance cost due to the absence
of a gearbox transmission.
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Finally, the sensitivity of the PTO inertia is examined as it can increase the
power absorption by tuning the natural frequency of the system towards the incom-
ing wave frequency. The results showed that the motor tuning can be diminished
by adding PTO inertia. A gain of more than 3% in average yearly yield has been
observed for all test locations between the lowest simulated inertia and the optimal
value (Table 5.14). Adding inertia to a PTO drive train consisting of a gearbox
is considered a relatively cheap intervention. However, the machine’s own inertia
could quickly reach or exceed the optimal inertia. Splitting up the PTO power
in two electrical machines might then have a beneficial effect because the inertia
per installed kW appears to be lower for smaller machine sizes. Nevertheless, the
decrease in yield beyond the optimal inertia is moderate.
Splitting the PTO power might also have opportunities towards PTO perfor-
mance optimisation. Further research on the control could investigate the effect of
using only one of the machines at lower torques, or uneven division of the torque
load to end up with a higher average efficiency.
It should be noted that if a certain torque-speed combination would be chosen,
the workability should be further examined, amongst others towards the margin in
speed range and the reaction of the control to prevent crossing of the constraints.
Future research could also study the further increase of super-rated speed usage.
The mechanical design of the drive train is affected by both the choice of machine
size as the additional inertia, as the latter adds a substantial inertial torque to the
electromagnetic torque.
The performed analyses can be the starting point for an techno-economic opti-
misation. For each (relevant) point of the yield map as a function of rated torque
and speed a cost and revenue estimation can be performed to assess the profitabil-
ity of every case. Next to the costs of manufacturing, installation and operation,
it is encouraged to perform a life-cycle assessment to ensure the best option for
now and future generations. The use of rare resources or pollutant materials (or
manufacturing processes) is for example a factor that can have large consequences.
Additionally, the question is in place if machines containing rare resources should
be employed in this application with a low capacity factor, instead of in an appli-
cation where they offer a larger yield gain.
A drawback of the drum and cable PTO is that the motion is not purely heaving
in reality, although as such assumed in the simulation model. This might include
a considerable inaccuracy of the model. Moreover, the technology allows energy
to be absorbed from the waves in the upwards direction only, leaving a share of
the floater’s potential untapped. Furthermore the cable needs to be kept tense at all
times to be able to absorb in the next upwards movement. Moreover, high impact
forces can occur in the cable after getting slack.
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As general conclusions of this chapter, firstly it can be stated that it is important
to use the efficiency at the actual operation points when estimating the electrical
output. The magnitude at the nominal load can be misleading because the shape
(flatness) of the efficiency map is of much higher importance. Secondly it can
be conlcuded that a PTO should be sized keeping the targeted location in mind,
certainly when the share of the PTO cost in the total WEC cost is considerable. The
local wave climate can determine the degree to which it is interesting to increase
the installed power.
6
Rack and Pinion PTO
The previous chapter concerns a PTO where the PTO forces are transferred by a
cable to the seabed. Consequently PTO forces can only be applied in the down-
wards direction and wave power can only be absorbed in upwards direction and
potentially leaving a share of the available wave energy untapped. Furthermore
the cable must be kept tensioned at all times.
When a buoy is mounted around a vertical pile, a rack and pinion system can
transfer the PTO forces to the seabed in both directions and there is no cable to
be kept tensioned. Moreover, the required PTO torque appears to be lower than
for a unidirectional PTO. In [14, 15] a simplified control strategy is considered
using a constant torque reference to compare a unidirectional with a bidirectional
PTO, and it was found that for the bidirectional PTO the required torque could be
halved to achieve a similar power production in comparison with the unidirectional
operation.
Principles of this PTO system are illustrated in Fig. 2.2 and Fig. 2.3 of Chap-
ter 2. The latter shows the PTO on a platform which facilitates the accessibility
of the PTO and grid connection. Multiple WEC’s of an array could make use of
a common platform. An additional advantage the rack and pinion system could
offer, is the possibility to hoist up the floater to protect it from storm conditions.
However, the technical feasibility thereof is not part of the studies performed in
this work, but are mentioned to show this potential next to the expected increased
energy yield. Neither is the mechanical design of the rack and pinion transmission
system part of the research.
This chapter focusses on the power absorption potential of the rack and pinion
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Figure 6.1: Schematic overview of the rack and pinion PTO in the floater and the resulting
PTO force together with the hydrodynamic force on the buoy
PTO and studies subsequently the sensitivity of the control and design parameters
analogously as for the drum and cable PTO of Chapter 5. Based on the mechanical
layout, the PTO model has been built to replace the drum and cable model in the
overall simulation model including the hydrodynamic model. Subsequent to the
sensitivity analyses, the optimisation method from the previous chapter has also
been adopted on the rack and pinion PTO to be an input for a techno-economic
assessment.
Similar as in the previous chapter, the results are not meant as an absolute
determination of the performance of the rack and pinion WEC, but as illustration
of the presented methods a tool to compare PTO sizes and to reveal sensitivities
for the dimensioning of the system.
The structure of this chapter is based on the previous, and to avoid unnec-
essary repetition, the reader is kindly referred to the corresponding sections for
background information.
6.1 Working principle and mathematical model
The heaving buoy under the influence of the incoming waves can be damped by
the PTO system in both the upwards as downwards movement with the rack and
pinion system (remember that the gravity force is part of the total hydrodynamic
force). The movement is - as with the drum and cable - relative to the sea bottom,
the PTO force is transmitted through the rack and pile to the seabed as depicted in
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Fig. 6.1. An electrical machine is connected through a gearbox to the pinion, or
alternatively a direct drive rotary machine could be installed to eliminate the use of
the gearbox. The machine is subsequently connected to a variable frequency drive
injecting the produced power either on a common DC-bus, or convert it directly to
the frequency of the AC grid.
The combination of rack, pinion, possible gearbox, electrical machine and
drive is referred to as the PTO system. The PTO system absorbs (a part of) the
wave energy to convert it to usable electrical energy.
The buoy can be damped in the two directions, and also enables tuning (i.e. re-
active control, cfr. Section 2.4) in both directions to optimise the power absorption
from the waves.
6.1.1 PTO model
Fig. 6.1 shows a rack and pinion PTO inside a floater. The shaft torque Tshaft is
increased by the gearbox with gear ratio Rg and converted to the PTO force FPTO
by the pinion with radius r on the rack, which gives an expression analogue to
Equation (5.1), where r is now the pinion radius.
As a matter of fact, the rest of the mathematical model of the rack and pinion
is also analogue to the drum and cable model, with the difference that the rack
and pinion can transfer PTO forces in both directions, while the cable in only one.
Hence the model description of Section 5.1.1 and the Equations (5.1) to (5.7) are
also valid for the rack and pinion PTO, with r the pinion radius. In Fig. 5.3 the
cable should be replaced by a stiff connection, being able to transfer both pull and
push forces.
6.2 PTO control
The general PTO control based on the mass-spring-damper system is explained in
Chapter 2 Section 2.4. Each PTO topology might have specific requirements or
variations on the theoretical external PTO force, with characteristic consequences.
For the rack and pinion PTO this is described in the following sections.
6.2.1 Specific control for a rack and pinion PTO
The rack and pinion topology allows a force to be exerted on the floater in both
directions, thus there is no sign condition to be met for the speed or acceleration
to calculate the damping and tuning force, which was the case for the drum and
cable PTO. There is also no need to have a constant force nor inertia compensation
force to keep the cable tense. Hence the required electromagnetic force Fem for
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the PTO control is expressed as:
Fem = Fdamp + Ftun (6.1)
Fdamp and Ftun are expressed in Equations (2.15) and (2.13).The damping
coefficient bext and tuning coefficient msup, are respectively taken equal for both
the upwards as downwards motion. Future research on the control could examine
if this is the right choice, or whether they should be determined independently
from each other to increase the yield, or to reduce the required speed range.
6.2.2 Influence of control parameters on power absorption
To maximise the power absorption from the waves, the PTO action should be
adapted depending on the incoming wave conditions to change the PTO damp-
ing and tuning action. To find the optimal combination of parameters, iterative
simulations are performed for a range of the control parameters bext and msup,
i.e. 121 simulation runs per sea state. In this first assessment an unlimited PTO
in both torque (force) and speed range has been assumed and the PTO inertia has
been set to zero to estimate the maximum potential of the used floater with a rack
and pinion PTO. From these simulations, the absorbed power has been calculated
and plotted in Fig. 6.2. To recapitulate, the absorbed power is the mean mechani-
cal power absorbed by the PTO and does not incorporate the PTO efficiency. It is
calculated by multiplying the buoy speed and the PTO force FPTO.
Fig. 6.2 shows that the maximum absorbed power (marked with a blue circle)
is limited by the floater constraint of lift from SS3 on. Hence the control param-
eters need to be chosen to avoid that the floater lifts out of the water and causes
consequent slamming on the water surface with corresponding high forces on the
body [17].
Effect of tuning
The colour plots show a strong influence of the control parameters towards the
absorbed power, if not appropriate set, the power drops significantly. The optimal
parameters are sea state dependent as also illustrated by the plots of msup and bext
vs. the sea state in Fig. 6.3.
The effect of tuning is emphasised by Fig. 6.4, where both the mean power us-
ing a purely damping control and the mean power using tuning are plotted together
with the ratio between the two. This ratio reaches 300% in SS3 and does not drop
under 150% in higher sea states.
It is reminded that the PTO efficiency will influence the tuning capacity as the
reactive control requires a power investment with according PTO losses in both
ways.
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Figure 6.2: Absorbed power [kW] for SS1-6 vs. control parameters msup and bext for an
unlimited available PTO force, contours for maximum lift (blue) and sinkage
(black).
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Figure 6.3: Optimal values for the control parameters msup and bext to maximise the
absorbed power for the different sea states for an unlimited PTO force without
inertia.
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Figure 6.4: The absorbed power with a tuning strategy compared with the absorbed power
with a purely damping control strategy for an unlimited PTO (left axis in
[kW]), together with the ratio between the two (right axis in [%]).
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Figure 6.5: Plots of the buoy position, speed and acceleration together with the absorbed
power vs. time for 200 seconds of the simulation for SS3.
6.2.3 Time course of power and buoy movement
In Fig. 6.5 the position, speed and acceleration of the buoy are plotted together
with the according PTO force and the resulting absorbed power as a function of
the time. The variable nature of the waves induces a peak-to-mean ratio of 15.4
for the shown SS3, peaks of 262 kW against 17 kW mean absorbed power. The
peak invested (reactive) power reaches 127 kW.
There is no substantial difference noticeable between the upwards and down-
wards peaks of acceleration, speed or position, consequently neither in the actual
absorbed power of the two directions.
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6.3 Introducing PTO dynamics and efficiency
From the results of the previous analysis of the unlimited PTO, and more specif-
ically the maximum required force, a realistic PTO can be defined being able to
provide equal PTO forces. A gear ratio of 37.3 and pinion radius of 0.4 m has
been taken, identical as the gear ratio and drum radius of the drum and cable PTO
of Chapter 5. The dimensioning of the overall transmission stage (rack & pinion
and gearbox) should optimise the total efficiency by aligning the pinion diameter,
gearbox ratio and rated machine speed. The dimensioning of the rack and pinion
is out of scope for this work, but the discussed methodology can be used to assess
the influence of this part of the drive train as well when more information on the
efficiency is at hand. In this work, the rack & pinion losses are assumed to be
included in the gearbox efficiency map.
Considering the above transmission and a 1500 rpm rated machine, a power of
200 kW rated is required to apply an equal maximum PTO force as with the unlim-
ited PTO. As explained in Chapter 5, in the simulation model the PTO technically
consists of two machines, in this case two of 100 kW.
6.3.1 Influence of PTO dynamics
The absorbed power with the realistic PTO is shown for every sea state in Fig. 6.6.
The maximum values are similar as for the unlimited PTO from Fig. 6.2, but a
shift in optimal msup can be detected.
A 1500 rpm 200 kW rated PTO has a total machine rotor inertia of 4.53 kgm2
(two times 2.265 kgm2 [66]). Together with the rest of the drive train inertia,
this represents an equivalent linear PTO mass meq of 40 ton (cfr. Equation (5.6)).
The rack and pinion transfers PTO forces in two directions, hence the equivalent
PTO mass can be seen as an increase of the floater mass and influences the natural
frequency of the system. This effect is visible in the drop in optimal msup for
all sea states. The control parameters are plotted in Fig 6.7, showing lower msup
values for every sea state than for the unlimited PTO as plotted in Fig. 6.3. A
separate sensitivity analysis on the PTO inertia is performed in Section 6.6.4.
The influence of the PTO inertia can also be noticed in the difference between
the PTO force (at the rack and pinion) and the electromagnetic force. Both are
plotted in the fourth graph of Fig. 6.8 accompanied with the buoy motion and
corresponding actual absorbed power for SS4. The electromagnetic force Fem is
complemented with the inertial force to form the PTO force FPTO. In the same
graph the capping of the electromagnetic force (i.e.machine torque) is noticeable
between 195 s and 200 s, this force corresponds to a torque of 200% of the rated
torque.
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Figure 6.6: Absorbed power [kW] vs. control parameters msup and bext for a 200 kW
1500 rpm PTO, contours for maximum lift (blue).
(Please note the different range for the x axis of SS6)
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Figure 6.7: Optimal values for the control parameters msup and bext to maximise the
absorbed power for the different sea states for a 200 kW PTO.
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Figure 6.8: Buoy movement and PTO force together with the electromagnetic force for
SS4 with a 200 kW 1500 rpm machine.
6.3.2 Influence of PTO efficiency
Analysing the absorbed power can be a first step in assessing the potential of a
floater-PTO combination. However, the performance of the PTO to convert this
absorbed mechanical power to electricity will decide on the profitability of the
WEC, the electrical energy will after all provide the revenues.
Analogous as for the drum and cable PTO, analyses have been done using the
efficiency maps of the two different machine topologies A and B with each four
steps of maximum (nominal) efficiency. The details of which can be found in
Chapter 3 Section 3.3.3. Next to the machine, an efficiency map for the gearbox
has been included and a fixed efficiency value for the variable frequency drive,
as described in Chapter 3. For the upcoming examinations a PTO of 200 kW
1500 rpm rated has been used.
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Figure 6.9: The electrical power with a tuning strategy compared with the electrical power
with a purely damping control strategy, together with the ratio between the
two, both for an A1 machine with gearbox.
6.3.2.1 Effect on control parameters
The PTO efficiency influences the control parameters to reach the maximum elec-
trical power. The optimal tuning parameter msup to maximise the electrical power
is generally lower than for the maximum absorbed power, and the damping co-
efficient bext is in most sea states higher. This is explained by the nature of the
reactive control, a substantial amount of energy needs to be invested in the system.
This energy is skimmed two times by the PTO losses before it is again converted
to electricity. Hence it is not the goal to first maximise the absorbed power and
subsequently convert it to electricity, because this might result in a lower electrical
output than directly defining the best control parameters to maximise the electrical
output. This might include less absorbed power, but more electrical.
The reactive control by adding a supplementary mass msup - or tuning - bears
fruit: the mean electrical power reached with tuning is up to 185% of the electrical
power reached with a purely damping strategy in SS4. This ratio is in all relevant
sea states (SS2 to SS6) more than 129%, as plotted in Fig. 6.9 for a 200 kW A1
machine with gearbox.
6.3.2.2 Effect on produced power
Nominal efficiency
The magnitude of the nominal efficiency logically has an influence on the electrical
outcome. A lower maximum efficiency is however less magnified towards the
mean electrical power than with the drum and cable PTO. For a drop of 1% in
maximum efficiency, a decrease in mean electrical power between 1.1% and 2.3%
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Table 6.1: Difference in mean electrical power between the 4 A efficiency map variants
SS
A1
Pel [kW]
A2
% of A1
A3
% of A1
A4
% of A1
1 0.2 98.6 97.2 95.8
2 2.8 98.3 96.6 94.9
3 9.8 97.7 95.4 93.1
4 19.4 98.3 96.6 95.0
5 24.7 98.8 97.7 96.5
6 30.5 98.9 97.9 96.8
Table 6.2: Difference in mean electrical power between the 4 B efficiency map variants
SS
B1
Pel [kW]
B2
% of B1
B3
% of B1
B4
% of B1
1 0.2 98.6 97.0 95.6
2 3.4 98.4 96.5 94.8
3 12.2 97.6 94.8 92.2
4 22.4 98.4 96.4 94.6
5 27.3 98.8 97.4 96.0
6 32.8 98.9 97.5 96.3
can be observed for the A map variants, and between 1.1% and 2.8% for the B
variants. The values are collected in Table 6.1 and Table 6.2 for the A and B maps
respectively, and plotted in Fig. 6.10.
The electrical output in SS1 is too low to deliver any usable energy to the
electricity grid, considering uncertainties in the model and the fact that auxiliaries
are not taken into account in the model. Therefore the results for SS1 might be
omitted in further results to concentrate on the relevant sea states.
Shape of the efficiency map
The shape of the efficiency map has a substantial effect on the average perfor-
mance of a PTO. Fig. 6.10 illustrates this by the fact that all four B variants show
higher electrical powers than the A variants while A1 and A2 have a higher maxi-
mum efficiency than B4.
To investigate the influence of the shape of the efficiency map more closely, the
A1 andB3 variants are compared because they have an equal maximum efficiency.
The numbers are put side by side in Table 6.3 and demonstrate a significant higher
performance of the B3 map. Next to the electrical power, also the absorbed power
has been displayed in columns 5 to 7. In column 7 the absorbed power of the
two cases is compared and except for SS3 the absorbed power is identical. (In
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Figure 6.10: Mean electrical power vs. sea state for the 8 efficiency map variants for a
200 kW PTO with gearbox.
Table 6.3: Comparison of the electrical power Pel and absorbed power Pabs between A1
and B3 efficiency maps with equal nominal efficiency but different shape, and
the resulting average PTO efficiency Pel/Pabs, for a 200 kW PTO with gearbox
SS A1
Pel [kW]
B3
B3
% of A1 A1
Pabs [kW]
B3
B3
% of A1
Pel / Pabs [%]
A1 B3
2 2.8 3.3 116 4.8 4.8 100 59.6 69.2
3 9.8 11.6 118 16.0 16.6 104 61.4 69.5
4 19.4 21.6 111 27.6 27.6 100 70.5 78.5
5 24.7 26.6 108 31.5 31.5 100 78.4 84.4
6 30.5 32.0 105 37.3 37.3 100 81.8 85.8
SS3 the absorbed power is higher for the B3 case because the optimal parameters
resulted in a higher tuning value (150 000 kg instead of 120 000 kg). The higher
efficiency of the machine allows here to to use more reactive power to increase the
net absorbed power.) Hence the higher electrical output of 5% to 16% is almost
solely due to the better average conversion ability from mechanical to electrical
power of the B3 machine as shown in the last two columns. The use of a B3 map
results in an average efficiency (Pel/Pabs) that is 4% to 9.6% more than with the
A1 map. Nonetheless, the difference is less pronounced than with the drum and
cable PTO topology.
The values of the average efficiency in column 8 and 9 show that the use of
efficiency maps is justified and even necessary as upgrade to the use of a fixed
efficiency value, because the values differ significantly depending on the sea state.
It also makes clear that a WEC should not be appraised by its absorbed power, but
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Table 6.4: The six power steps [kW] for the sensitivity analysis on rated power.
P1 P2 P3 P4 P5 P6
Rated power [kW] 34 66 100 134 166 200
by its electrical output.
6.4 Influence of PTO installed power
As for the drum and cable PTO, a sensitivity study on the installed power has been
performed for the rack and pinion PTO as well. Six power steps between 34 kW
and 200 kW have been defined as listed in Table 6.4. The values do not necessarily
correspond to available machine ratings, but are used here to illustrate the influence
of the installed power. The rated speed is fixed on 1500 rpm and the rotor inertia is
in relation to the installed power, i.e. torque, ranging from 0.76 kgm2 to 4.53 kgm2
based on interpolated data from [66].
For each power step, the optimal control parameters have been defined for
every sea state accounting for the floater and PTO constraints, depicted by the
colour plots of Fig. 6.11 as a result of approximately 4000 simulation runs.
PTO constraints
The graphs of Fig. 6.11 demonstrate that the thermal capacity, i.e. the condition
that the RMS torque needs to stay below the rated torque of the machine, is the
limiting factor for the lower installed powers up to P3. From P4 on, the lift con-
straint takes over to determine the control parameters msup and bext. Apparently
the RMS torque and lift constraints are the only limits reached. This is also illus-
trated by the plots of the normalised limits of Fig. 6.12. As the sinkage limit is
higher than the lift constraint, and due to the damping in both directions, the sink-
age limit is never reached. The normalised speed peaks of the bottom graph show
that there is margin in the speed operation range of the PTO to reduce its installed
power. As already mentioned, the RMS torque constraint is the limiting factor for
the lower installed powers, and has some margin from P5 on, thus the machine
is then never used at its maximum thermal capacity which could be interpreted as
over-dimensioned. It is doubtable that P5 or P6 would be more profitable than
P4 or lower because the gradient of the power curves drop strongly from P4.
By choosing the control parameters to respect these constraints, it is assumed
that they are respected. Nevertheless, a final design will have to encompass for
example a mechanical damped end-stop for the floater stroke. The stroke length is
to be determined based on the maximum stroke during operation and accounting
for the tidal range.
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Figure 6.11: Electrical power [kW] vs. control parameters msup and bext for the 6 steps of
PTO power with gearbox and A1 machine efficiency map, contours for
maximum sinkage (black), speed (yellow), RMS torque (magenta) and lift
(blue).
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Figure 6.12: Mean electrical power per sea state vs. installed power with normalised
values in relation to the constraint limits for sinkage, lift, RMS torque and
rpm, for an A1 machine and gearbox.
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Figure 6.13: Yearly energy yield vs. the installed power for the 3 locations together with
the energy fractions per sea state for the A1 efficiency map and gearbox.
Overview of the results
The upper plot of Fig. 6.12 depicts the mean electrical power for every sea state in
relation to the installed power. The gradient is higher as the wave condition gets
more energetic and diminishes as the installed power increases. This behaviour
is attributed to the reaching of the lift limit: the power is capped to respect the
constraints.
6.5 Influence of location
While a power curve is interesting to estimate the potential of a PTO in a certain
floater, the location and its wave climate will determine to which degree this poten-
tial is useful towards the yearly electrical energy yield. The optimal dimensioning
might be location dependent, hence an analogous calculation as in Chapter 5 Sec-
tion 5.5 for the same three locations is analysed and described there.
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Figure 6.14: The yearly yield per installed power [kWh/kW], or full load hours [h] on the
left y-axis, and the capacity factor [%] on the right y-axis vs. the installed
power for the three locations, with an A1 efficiency map and gearbox.
6.5.1 Yearly energy yield vs. installed power per location
Given the occurrence frequency of each sea state for Location 1 to 3, and the power
curves of Fig. 6.12, the yearly electrical energy yield can be quantified. The yields
are plotted in relation to the installed power in Fig. 6.13. The significant difference
in magnitude and gradient between the three locations indicates clearly that the
location is not only of substantial importance for the magnitude of potential energy,
but that the decision of the installed power of the PTO should account for the local
wave climate. Indeed, the gradient of the yield vs. installed power is higher for
a high energy location than for a low energy location, which might determine the
economic incentive for a high installed power. The incentive also depends on the
ratio of PTO cost vs. total cost (the share of the PTO cost is estimated at 20% -
30% of the total manufacturing cost of the WEC [30–32]).
Next to the total yield, the fractions per sea state are plotted as bars to show the
contribution of each sea state in the three locations.
6.5.1.1 Capacity factor
The amount of energy per kW installed power, or full load hours, is an interesting
measure to know the degree to which a machine is used in relation to its full ca-
pacity. It is thus also expressed as the capacity factor in [%] by dividing the full
load hours by the hours in one year.
The three expressions are plotted in Fig. 6.14 for the three locations. The
capacity factor is almost halved between P1 and P6, but here again the total cost of
the WEC and operational costs should be considered to make an informed decision
of installed power.
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Table 6.5: Difference in yearly energy yield (YY) between the 4 A efficiency map variants
for the three locations, for installed power P5 and P3. For A1 the absolute
value is given in MWh, for the other variants the ratio vs. A1 is given in %
Installed
power Location
A1
YY [MWh]
A2
% of A1
A3
% of A1
A4
% of A1
P5 Location 1 63.2 98.3 96.6 94.8
Location 2 92.8 98.4 96.8 95.2
Location 3 103.6 98.5 97.0 95.4
P3 Location 1 54.2 98.5 97.0 95.5
Location 2 77.3 98.6 97.2 95.8
Location 3 85.5 98.7 97.4 96.1
6.5.1.2 Influence of the PTO efficiency on the yearly yield per location
Next to the influence of the PTO efficiency on the power discussed in Section 6.3.2,
the effect on the yearly yield is assessed. Fig. 6.15 collects the graphs for the three
locations which plot the yield as a function of the installed power for all eight
efficiency map variants.
Within the map variants
The difference within the A and B maps respectively is visible in Fig. 6.15 and
quantified in Table 6.5 and Table 6.6. The effect of the nominal efficiency is more
pronounced for the B maps than for the A maps, but is for both in the order of
magnitude of 1.5% - 2% yield drop per percent in nominal efficiency for a P5
PTO, and approximately 1.5% yield drop per percent for a P3 PTO. The influence
is smaller if the location is more energetic.
Between the A and B map variants
The difference between the B and A variants is significant. From Fig. 6.15 can be
noticed that a P4-B3 PTO produces 117% of a P4-A1 PTO for an equal installed
power and identical nominal efficiency at Location 1. Alternatively, to reach an
equal yield of 60 MWh, a B3 machine needs only 70% of the installed power of a
P4-A1.
For P5 and P3, the average annual yields of anA1 machine and aB3 machine
are compared with each other for the three locations in Table 6.7. The ratio of yield
of B3 over A1 lies between 111% and 115%.
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Figure 6.15: Yearly energy yield vs. the installed power for the A and B variants
efficiency map also including a gearbox map for Location 1, 2 and 3.
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Table 6.6: Difference in yearly energy yield (YY) between the 4 B efficiency map variants
for the three locations, for installed power P5 and P3. For B1 the absolute
value is given in MWh, for the other variants the ratio vs. B1 is given in %
Installed
power Location
B1
YY [MWh]
B2
% of B1
B3
% of B1
B4
% of B1
P5 Location 1 75.5 98.2 96.1 94.1
Location 2 108.5 98.3 96.4 94.5
Location 3 119.5 98.4 96.6 94.8
P3 Location 1 64.5 98.5 96.8 95.2
Location 2 90.0 98.6 97.0 95.5
Location 3 98.3 98.7 97.1 95.7
Table 6.7: Comparison of the yearly energy yield between A1 and B3 efficiency maps
with equal nominal efficiency but different shape, for a P5 and P3 PTO with
gearbox
Installed
power Location
A1
[MWh]
B3
[MWh]
B3
% of A1
P5 Location 1 63.2 72.5 115
Location 2 92.8 104.6 113
Location 3 103.6 115.4 111
P3 Location 1 54.2 62.4 115
Location 2 77.3 87.3 113
Location 3 85.5 95.5 112
6.6 Electromechanical optimisation of PTO sizing
6.6.1 Optimising the available speed
The pragmatic reduction of the rated speed done for the drum and cable PTO
in Chapter 5 learned that an integrated approach of the speed reduction in the
simulation is necessary to achieve solid results. Therefore the methodology of
varying both the torque and speed of the PTO machine is immediately applied on
the rack and pinion topology as a second case study.
6.6.2 Optimizing rated torque and speed
Fig. 6.12 showed a margin towards the maximum speed limit of the machine. Up
to P4 there is a margin of 20%, and this margin even increases for P5 and P6 to
up to 50% because a higher available machine torque can damp the floater more.
Hence a significant potential for power reduction arises.
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Table 6.8: The five steps in rotational speed n1 to n5 in [rpm] and the six steps in torque
T1 to T6 in [Nm].
n1 n2 n3 n4 n5
[rpm] 1100 1200 1300 1400 1500
T1 T2 T3 T4 T5 T6
[Nm] 212 424 637 849 1061 1273
Analogous as for the drum and cable PTO, a thorough study of 30 rated pow-
ers has been performed with torque and rated speed combinations as given in Ta-
ble 6.8. The values are not set at ratings of available machines, but as a tool to
illustrate the influence of the available torque and speed. The change in available
speed can be effectuated by changing the transmission ratio of the drive train. A
n4 machine, for example, can be realised with a 1500 rpm machine and a gearbox
ratio that is 1500/1400 higher than the n5 case. When both have a T6 rated torque,
the rated torque of the n4 machine will in reality be lower than the 1273 Nm, to be
exact: 1400/1500*1273 = 1188 Nm.
The values for the rated speed are to be seen as virtual, and the speed
For each of the 30 combinations all six sea states are simulated with on average
100 sets of msup and bext, counting for approximately 18 000 simulation runs. By
optimising the control parameters for each case, not only the power is optimised,
but automatically the corresponding PTO constraints of speed and RMS torque are
respected.
The T6-n5 case has the same power as the P6 case, i.e. 200 kW. To concen-
trate on the influence of torque and speed, the PTO inertia has been fixed for all
cases at the value from the P5 case, i.e. a rotor inertia value of 3.8 kgm2, consist-
ing of two times 1.9 kgm2 based on a PTO split up in two machines analogous to
the Wave Pioneer.
With the described methodology, the PTO will no longer be dimensioned for
maximised power output in the most demanding sea state, but the yearly perfor-
mance as a function of rated torque and speed will be quantified to provide a start-
ing point for a techno-economic optimisation. A logical design choice is not to
maximise the power output, but will be a well-thought-out cost-benefit analysis.
6.6.2.1 Mean electrical power - A1 map
The mean electrical power as a function of the rated torque and speed has been dis-
played in the colour plots of Fig. 6.16. The plots reveal that a higher mean power
can be reached with a lower rated speed. This is similar as with the drum and cable
topology, and the scatter of operation points above the merged efficiency map of
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Figure 6.16: Mean electrical power (A1 map & gearbox) vs. rated torque and speed for
sea states 1 to 6, contour lines for the rated power [kW].
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Figure 6.17: Scatter of the operating points for SS4 (left) and SS6 (right) on a merged
efficiency map of A1 machine and gearbox for a T6-1500 rpm (upper) and a
T6-1200 rpm (bottom) rated machine.
machine and gearbox of Fig. 6.17 indeed shows an equal behaviour: the operation
points are shifted to better efficiency zones when the rated speed is reduced. The
two left figures correspond with a SS4 wave condition and the right figures with
a SS6. The upper plots display the operation range of a 1500 rpm rated machine,
the lower a 1200 rpm.
It appears that it might be interesting to use the machine up to more than 200%
of its rated speed. In [12] it is found that a so called overspeed factor of five can
be reached without significant loss in annual energy, and only 10% drop for an
overspeed factor of 10.
6.6.2.2 Constraints - A1 map
The normalized values for the floater and PTO parameters that are subjected to a
constraint are now also plotted as colour plots as a function of rated torque and
speed in Fig. 6.18. The reaching of the limits does not show large dissimilarities
with the sensitivity study on installed power, except the logical effect of a dropping
speed margin with decreasing rated speed.
6.6.2.3 Yearly yield - A1 map
By combining the mean electrical power for every sea state with the occurrence
for the three locations, and this for all 30 torque-speed combinations, the average
annual yield plots of Fig. 6.19 are composed. The left column of this figure shows
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Figure 6.18: Normalised values in relation to the constraint limits for sinkage, lift, RMS
torque and speed, for an A1 machine and gearbox.
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Figure 6.19: The yearly yield [MWh] vs. the rated torque and speed (left column), and the
yearly yield per installed power [kWh/kW], or equivalent full load hours [h]
vs. the rated torque and speed (right column), for the three locations, with an
A1 efficiency map and gearbox.
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Table 6.9: The ratio in [%] relative to the maximum yield at Location 1, 2 and 3
respectively for every rated torque and speed combination for an A1 map.
Location 1 T1 T2 T3 T4 T5 T6
n5 37.4 73.0 88.3 94.7 96.9 96.5
n4 37.8 73.8 89.1 94.5 97.9 97.4
n3 38.2 68.8 89.0 95.0 98.9 98.4
n2 38.6 67.1 88.0 95.9 100.0 99.1
n1 38.9 67.8 80.8 94.9 99.9 98.9
Location 2 T1 T2 T3 T4 T5 T6
n5 28.0 69.0 86.2 94.1 97.1 97.1
n4 28.3 69.6 86.9 93.4 98.0 98.0
n3 28.6 61.4 86.2 93.6 99.0 98.8
n2 28.8 58.8 84.5 94.3 100.0 99.4
n1 29.0 59.2 73.1 92.2 99.2 98.6
Location 3 T1 T2 T3 T4 T5 T6
n5 21.4 67.3 85.6 93.8 97.3 97.5
n4 21.6 67.8 86.2 92.9 98.2 98.3
n3 21.8 53.7 84.5 92.6 99.1 99.2
n2 22.0 50.6 82.4 93.2 100.0 99.5
n1 22.1 50.9 64.0 89.9 98.1 97.6
the yearly yield values in MWh and the right column displays the yield per in-
stalled power in kWh/kW, or in equivalent full load hours. The resulting yields
from this analysis demonstrate that a reduction of installed power can be achieved
by lowering the rated speed with even an rising energy production.
In Table 6.9 the ratio of power relative to the maximum at each location is
gathered. At Location 1, for example, a T5-n2 machine produces in an average
year 3% more energy with a PTO that has 20% less installed power than a T5-
n5. Otherwise, a T3-n2 produces only 9% less than the T5-n5 case with only
half of the installed power. The same exercise can be made for other cases and
at the other locations. The right choice of PTO size can be made considering the
total manufacturing cost of both floater and PTO, together with installation and
operational costs (and ideally a life-cycle assessment including end-of-life costs
and impact). By consequently quantifying the revenues using the obtained yields
with the described methods, the most profitable WEC can be dimensioned.
It should be noted that the relevant machines of the torque-speed combinations
should be subjected to an extra thorough technical assessment. This should include
amongst others a check-up if ample margin is available towards the speed opera-
tion range, and the eventual consequences if the limit is crossed. Most machines
have a larger mechanical speed limit than electrical, hence this offers a buffer. Ei-
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Figure 6.20: The yearly yield [MWh] vs. the rated torque and speed (left column), and the
yearly yield per installed power [kWh/kW], or equivalent full load hours [h]
vs. the rated torque and speed (right column), for the three locations, with a
B3 efficiency map and gearbox.
ther way, an advanced control should monitor this in real-time and adapt the PTO
action to avoid crossing the limits. This also counts for RMS torque and the floater
constraints of lift and sinkage as well.
6.6.2.4 Yearly yield - B3
The B3 efficiency map has a relatively flatter shape than the A1 map, but has an
equal maximum efficiency. By comparing these two maps, the influence of this
shape of the efficiency map is appraised. With the B3 map, the average yearly
yield barely changes with changing rated speed as illustrated in Fig. 6.10 and rep-
resented as the ratio with respect to the maximum in Table 6.10. This is a conse-
quence of the flatter shape of the B3 map (even when merged with the gearbox
efficiency). For a PTO with a T5 rated torque, a reduction of 20% in installed
power can be effectuated without yield loss from n5 to n2.
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Table 6.10: The ratio in [%] relative to the maximum yield at Location 1, 2 and 3
respectively for every rated torque and speed combination for a B3 map.
Location 1 T1 T2 T3 T4 T5 T6
n5 37.9 73.7 90.0 98.6 99.9 98.7
n4 38.0 73.8 89.9 97.7 100.0 98.7
n3 38.0 68.4 89.1 97.3 100.0 98.7
n2 38.0 66.1 87.2 97.0 100.0 98.3
n1 38.0 66.1 79.8 95.0 98.8 97.2
Location 2 T1 T2 T3 T4 T5 T6
n5 28.4 69.6 87.9 97.7 99.9 99.1
n4 28.5 69.6 87.8 96.3 100.0 99.1
n3 28.5 61.2 86.5 95.7 100.0 99.1
n2 28.5 58.1 83.9 95.2 100.0 98.6
n1 28.4 58.0 72.6 92.4 98.2 97.0
Location 3 T1 T2 T3 T4 T5 T6
n5 21.8 67.8 87.3 97.5 99.9 99.5
n4 21.8 67.8 87.2 95.9 100.0 99.5
n3 21.8 53.8 85.1 94.8 100.0 99.5
n2 21.8 50.1 82.0 94.2 100.0 98.8
n1 21.8 50.1 63.9 90.5 97.2 96.2
Figure 6.21: Scatter of the operating points for SS4 (left) and SS6 (right) on a merged
efficiency map of B3 machine and gearbox for a T6-1500 rpm (upper) and a
T6-1200 rpm (bottom) rated machine.
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Table 6.11: Comparison of the yearly yield of the B3 cases with the A1 cases as
YY(B3)/YY(A1) in [%].
Location 1 T1 T2 T3 T4 T5 T6
n5 113 112 113 116 115 114
n4 112 111 112 115 114 113
n3 111 111 111 114 112 111
n2 110 109 110 112 111 110
n1 109 108 110 111 110 109
Location 2 T1 T2 T3 T4 T5 T6
n5 111 110 112 114 113 112
n4 110 109 111 113 112 111
n3 109 109 110 112 111 110
n2 108 108 109 111 109 109
n1 107 107 109 110 108 108
Location 3 T1 T2 T3 T4 T5 T6
n5 110 109 111 113 111 111
n4 109 108 110 112 110 110
n3 109 108 109 111 109 109
n2 108 107 108 109 108 108
n1 107 107 108 109 107 107
The merged efficiency map ofB3 machine and gearbox is depicted in Fig. 6.21
with the operation points scattered upon it. The two left figures originate from a
SS4 simulation and the right figures form a SS6, the upper figures for a 1500 rpm
rated machine, the bottom figures for a 1200 rpm device. The shift of the operation
points is quasi identical as in Fig. 6.17. The change in yield was more pronounced
in the study of the A1 map however, demonstrating the importance of considering
the efficiency over the complete working region.
Replacing anA1 by aB3 machine results in a yield gain between 8% and 16%,
depending on the case and location as illustrated by Table 6.11. The incentive
diminishes slightly when the location is more energetic.
6.6.3 Direct drive machine
The use of a direct drive (DD) machine omits the need of a gearbox in the PTO
drive train, as it runs at the speed of the pinion shaft. Seen the efficiency map of the
gearbox in Fig. 5.4, it is clear that the influence on the energy yield is larger than if
the losses were appraised by only considering the nominal datasheet efficiency of
95.5%. The speed of the direct drive machine can be adjusted in the design process
by choosing an appropriate pinion diameter with a high transmission efficiency.
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Table 6.12: Comparison of the yearly yield of the B3 direct drive (DD) cases with the B3
gearbox cases as YY(DD)/YY(GB) in [%].
Location 1 T1 T2 T3 T4 T5 T6
n5 103 93 101 103 111 114
n4 103 93 99 103 111 115
n3 103 100 100 102 109 115
n2 104 104 100 99 106 114
n1 104 101 106 98 103 111
Location 2 T1 T2 T3 T4 T5 T6
n5 116 91 99 102 109 112
n4 116 91 96 101 108 112
n3 116 103 98 99 106 112
n2 116 109 97 96 101 112
n1 116 105 108 95 99 108
Location 3 T1 T2 T3 T4 T5 T6
n5 141 90 98 101 108 111
n4 141 90 95 100 107 111
n3 141 113 97 98 104 111
n2 141 121 95 94 99 110
n1 141 114 118 93 97 107
Not only the assumed efficiency gain is an advantage, furthermore a direct drive
PTO could involve a smaller risk of mechanical failures and reduce maintenance
interventions. A drawback is an expected higher manufacturing cost.
To appraise the performance of the direct drive option, new simulation runs
have been executed without a gearbox in the drive train, and control parameters
have been optimised at every sea state and every rated torque and speed combina-
tion to maximise the electrical power while respecting the system constraints. The
analysis has been done for aB3 map only, as theAmaps are based on an induction
machine which efficiency is assumed too low for high pole machines.
The comparison between the direct drive and geared PTO has been summarised
in Table 6.12. The ratio of the yield from a direct drive relative to the yield from a
fast turning machine with gearbox is given.
The numbers however are out of expectation: at some cases the yield of the
direct drive is lower than the geared PTO, down to a ratio of 90%, still other cases
have a ratio of up to 118% (considering the T3 to T6 cases). The lower yields are
assumed to be attributed to the fact that the equivalent PTO mass is substantially
lower. The absence of a significant amount of equivalent PTO mass apparently
could affect the yearly yield more in some cases than a better drive train efficiency.
With a geared PTO, even with a moderate available electromagnetic torque, the
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Figure 6.22: Supplementary mass msup [kg] vs. rotor inertia [kgm2] for an A1 T4-n5
machine.
PTO torque can reach higher values due to the PTO inertia, and thus absorb more
energy from the waves. The influence of the direct drive inertia is close to zero,
the equivalent PTO mass of this simulation series is 870 kg, against 40 000 kg for
a PTO with gearbox.
In the higher torque cases the performance is higher with the direct drive than
with the geared PTO, which can be explained by the fact that there is enough elec-
tromagnetic torque available to tune the WEC by reactive control, and together
with the better PTO efficiency this results in higher yields. Furthermore, the gear-
box is more often operated at partial load with lower efficiency than with the lower
torque cases. PTOs with a lower installed torque operate more often at the max-
imum torque where the gearbox efficiency is higher. Thus the influence of the
gearbox is more pronounced with the higher installed torques.
The explanation of the higher performance for the T1 cases and the cases with
low torque and speed, can be found in the fact that the geared PTO cannot operate
in the T1 cases in SS5 and SS6, neither in T2-n1-3 and T3-n1 in SS6.
6.6.4 Optimizing the PTO inertia
With the rack and pinion PTO topology, the PTO inertia affects the hydrodynamic
behaviour in both directions which makes its influence much larger than with the
drum and cable PTO.
An increasing physical inertia reduces the need of motor tuning (reactive con-
trol), as demonstrated by the descending msup curves in Fig. 6.22 with ascending
physical inertia, and this for all sea states. An increase of 1 kgm2 corresponds to
approximately 8350 kg equivalent PTO mass (cfr. Equation 5.6). Furthermore, the
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Table 6.13: Comparison of the yearly yield in relation to the maximum [%] vs the PTO
inertia for Location 1, 2 and 3.
Inertia [kgm2] Location 1 Location 2 Location 3
2 81.7 85.3 88.1
3 84.7 88.5 91.4
4 85.7 88.9 91.4
5 88.6 91.7 93.7
6 89.6 92.2 94.7
7 90.9 93.4 95.4
8 93.0 95.5 96.9
9 93.3 95.0 96.9
10 96.3 97.5 98.8
11 99.2 99.5 100.0
12 100.0 100.0 99.6
13 98.4 97.9 96.9
14 98.1 97.7 96.7
15 98.8 98.6 97.5
motor tuning is limited to the maximum torque capacity of the machine, a problem
that is overcome by the physical inertia.
Table 6.13 collects the ratio to the maximum average annual yield for the three
locations for ascending inertias. The maximum is reached at 12 kgm2 for Loca-
tion 1 and 2, and at 10 kgm2 Location 3. The difference in yield between the
lowest inertia and the optimum is significant: approximately 18%, 15% and 12%
for Location 1, 2 and 3 respectively.
The inertia will add a significant inertial torque above the electromagnetic ma-
chine torque, which should be borne in mind when dimensioning the mechanical
parts of the drive train.
The analyses of Section 6.6.2 of this chapter used a rotor inertia of 3.8 kgm2,
which is far from the ideal inertia of Table 6.13. A new analysis on rated torque and
speed could be performed using the optimal inertia to see the corresponding yields
for all 30 combinations. It might be possible that the optimal inertia is different
for other torque-speed combinations.
It is interesting to note that the optimal msup parameter for SS6 reaches zero
from 8 kgm2 onwards in Fig. 6.22. Apparently at that point the system has the
optimal physical inertia for SS6 because motor tuning seems no longer necessary.
Still, increasing the inertia further is beneficial for the overall annual yield as the
numbers of Table 6.13 demonstrate, however the performance in SS6 drops signif-
icantly from 10 kgm2 onwards. This is illustrated by the plots of mean electrical
power vs. inertia in Fig. 6.23. It appears that the inertia is too large for SS6, and
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Figure 6.23: Mean electrical power vs. PTO inertia for the six sea states with purely
positive msup values. Note the dropping performance for SS6 from 10 kgm2
onwards.
the floater is pushed away from resonance. This brings forth the idea of introduc-
ing negative msup values to improve the performance by virtually decreasing the
inertia of the system when relevant, which is discussed in the next section.
The zigzag in the curves of SS4, SS5 and SS6 indicate that the resolution of
the msup and bext parameters is rather coarse, still the trend is clear.
A question that arises is: why not optimise the buoy mass to have the optimal
hydrodynamic response? The answer lies in the required floater mass to do so: the
equivalent PTO mass of the optimal inertia of 10 kgm2 is more than 80 ton. This
would result in a floater of approximately 110 ton, which is almost four times the
current mass of 29 ton. With the current diameter this does not seem realistic, be-
cause the floater’s draft would have to be roughly four times higher. Moreover,
the higher draft would decrease the exciting force and thus the hydrodynamic
response. Enlarging the diameter would need a complete new optimisation be-
cause the diameter defines the spring constant with its own optimal floater mass
(cfr. Equation (2.12)).
For the direct drive option the inertia has not been optimised because this
would require an immense amount at low speed. If a direct drive solution would
be economically competing, the inertia optimisation could still be researched. In
all cases, the gyroscopic effect should be kept in mind.
6.6.5 Introducing negative motor tuning
Optimising the physical inertia is distinctly a beneficial adjustment to the PTO.
However, the optimal inertia showed a decreased performance at SS6 where the
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Figure 6.24: Supplementary mass msup [kg] vs. rotor inertia [kgm2] for an A1 T4-n5
machine, also allowing negative msup values for SS6.
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Figure 6.25: Mean electrical power vs. PTO inertia for the six sea states allowing also
negative msup values for SS6. Note the improved performance for SS6 from
10 kgm2 onwards compared to Fig. 6.23.
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Table 6.14: Comparison of the yearly yield with a control allowing negative tuning in
relation to the maximum [%] vs. the PTO inertia for Location 1, 2 and 3.
Inertia [kgm2] Location 1 Location 2 Location 3
2 80.7 83.6 85.4
3 83.6 86.8 88.6
4 84.6 87.1 88.6
5 87.5 89.8 90.8
6 88.5 90.4 91.7
7 89.8 91.5 92.4
8 91.9 93.6 93.9
9 92.1 93.1 93.9
10 95.1 95.6 95.8
11 98.3 98.0 97.8
12 100.0 100.0 100.0
13 98.7 98.3 98.1
14 98.1 97.6 97.0
15 99.2 99.2 99.0
system is assumed to be pushed further away from resonance with the incoming
waves. As a solution it is proposed to introduce negative msup values to virtually
reduce the buoy mass, with the aim to restore, and possibly further improve the
performance of SS6 (and other sea states if necessary in other configurations). It
is interesting to state that this is an intervention without extra cost. The resulting
supplementary mass values are plotted in Fig. 6.24. Fig. 6.25 depicts the cor-
responding electrical power from which can be noticed that the mean power for
SS6 from an inertia of 10 kgm2 is significantly better compared to purely positive
msup values as plotted in Fig. 6.23. The power in SS6 increases 5% for an inertia
of 11 kgm2 and up to 30% for 15 kgm2.
The yearly yield improves with up to 2% at Location 1, and up to 5% at Lo-
cation 3. The influence is larger for this last location as the occurrence of SS6 is
higher. The comparison between the inertia steps with a control allowing nega-
tive tuning is given in Table 6.14. Because the total yields rose for inertias above
10 kgm2, the difference between the maximum and minimum yields are accentu-
ated. It is also apparent that the optimal inertia for Location 3 is now the same as
for Location 1 and 2, viz 12 kgm2.
Another option that could be studied - if technically possible - is the use of a
controllable flywheel, ie. a flywheel from which the inertia can be changed during
operation. Then the optimal inertia could be defined per sea state to improve the
yield due to the reduction of required motor tuning.
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6.7 Conclusion
A detailed PTO model has been built for the rack and pinion PTO including the
dynamic effects of its inertia and the conversion efficiency towards electrical en-
ergy. The PTO efficiency is included as maps as a function of the actual torque
and speed at every calculation cycle of the simulation. The model also comprises
the operational limits of the electrical machine, both in torque as in speed.
The rack and pinion PTO offers, in contrast to the drum and cable, energy
absorption in both directions. Moreover there is no worrying about keeping the
operational cable tense at all time.
In theory, the control parameters could be chosen differently for the two direc-
tions of movement (and in an advanced control changed from wave to wave), but
in this work no distinction has been made between upwards or downwards move-
ment regarding the determination of control parameters. Further research could
examine if any potential wave energy is left there, or that other beneficial effects
could be achieved, such as a reduction of the required speed range.
A first analysis has been done using an unlimited PTO to assess the maximum
power that can be absorbed with the used floater, regardless of any PTO efficiency.
From these simulations can be concluded that reactive control increases the ab-
sorbed power significantly compared to a pure damping strategy. In SS3, the ab-
sorbed power achieved by reactively controlling the PTO is three times the power
when purely damping. In SS6 this ratio is still an ample 150% (cfr. Fig. 6.4).
To reach equal power absorption as the unlimited PTO with a realistic PTO, an
installed power of 200 kW is necessary for a 1500 rpm rated machine. Including a
realistic PTO in the model enabled the subsequent study of the PTO dynamics and
efficiency. Due to the working principle of the rack and pinion, the PTO inertia is
a direct increase of the floater inertia. Thus the necessary motor tuning action can
be reduced.
Looking at the influence of the installed power with a fixed speed range (what
comes down to studying the influence of the available torque), it is clear that the
mean power per sea state rises with higher available torque, but not infinitely.
The curve starts to flatten from P4 on (Fig. 6.12). Considering the operational
constraints, it can be concluded that the limiting factor for small installed powers
is the thermal capacity of the machine, i.e. the RMS torque. When the installed
power increases, the limiting factor is the peak lift. While the sinkage was the
limiting floater constraint for the drum and cable PTO, the peak lift appears to
be reached earlier now. This is because the motion of the floater is significantly
different due to the damping in both directions.
Subsequently, the yearly yield has been calculated as a function of the installed
power for three virtual locations. The gradient of the yield curve as a function of
the installed power differs strongly per location. The yield has been calculated for
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the different efficiency map variants and this showed that the nominal (maximum)
efficiency obviously influences the electrical output, but is not heavily amplified
towards the yield: a drop of 1% efficiency means a yield decrease in the order of
magnitude of 1.5% - 2% for both the A and B maps. Comparing the shape of the
efficiency map, it appears that a B3 machine performs up to 15% better than a
A1, yet having an equal nominal efficiency. Or, a B3 machine with an installed
power of only 60% of an A1 machine would produce the same amount of energy
on an annual basis. This opens room towards a more profitable solution with B
machines, although they are assumed to be more expensive than A machines.
In a next stage the PTO has been subjected to an electromechanical optimi-
sation. Instead of keeping the operational speed range fixed as in the previous
analyses, the speed range has been varied to examine the effect towards the perfor-
mance of the PTO. Indeed, a reduced speed range means a smaller installed power
and thus lower cost. The results showed a large potential to reduce the installed
power of the PTO machine. With the A1 machine, a smaller speed range resulted
even in a higher annual yield for the higher torque cases, because the machine
operates in better efficiency zones due to the speed reduction. A T5-n2 machine
produces in an average year 3% more energy than a T5-n5, although it has 20%
less installed power. For the B3 machine a yield increase could not be observed
because the shape of the efficiency map is relatively flat, but the yield did not drop
either. Hence a significant power reduction can be achieved by reducing the speed
range.
These results prove again that a WEC should not be dimensioned to maximise
the power absorption in every sea state, but that the location and its wave climate
should be taken into account to appraise the average annual electrical yield. Gath-
ering the information for (a selection of) different PTO sizes can subsequently be
the starting point for an economic optimisation. All costs should be accounted for,
from manufacturing over installation up to operational costs. It needs to be stated
that the relevant PTO sizes from that analysis need to be checked again for techni-
cal feasibility towards PTO constraints and moreover its behaviour in unexpected
high waves. Additionally it is encouraged to perform a life-cycle assessment in-
cluding end-of-life impact (and costs) to choose the most sustainable option.
Subsequently a direct drive option is studied. The elimination of the gearbox
increases the overall PTO efficiency, but a direct drive PTO has a significantly
lower equivalent PTO mass which made clear that the PTO inertia has a compelling
effect on the performance of the rack and pinion WEC. For low installed torques,
the direct drive PTO performed worse than the geared PTO. Still, for high installed
torques, an increase in yearly yield of up to 15% is found, because the machine
itself can compensate for the loss of the inertial torque compared to a geared PTO
by adding virtual mass through reactive control.
Next, the influence of the PTO inertia is studied in various steps. For the rack
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and pinion PTO, the rotary inertia of the PTO increases of the inertia of the mass-
spring system as it can be accelerated in both directions by the hydrodynamic
force. By optimising the rotary inertia, the necessary motor tuning can be reduced
significantly which benefits the nett electrical outcome. Furthermore, the motor
tuning is limited by the maximum torque capacity of the machine, and can thus not
perfectly emulate a mass increase. Hence, a physical inertia is better to improve
the hydrodynamic response of the WEC, moreover there are no electrical losses
associated with it as is the case with motor tuning. With the optimal inertia, an
increase between 12% and 18% could be observed compared to the lowest studied
inertia, depending on the location (Table 6.13). Optimising the inertia is assumed
to be relatively cheap and offers thus an huge opportunity to add substantially to
the yield.
While the overall performance was enhanced by optimising the inertia, the
mean power in SS6 dropped beyond a certain amount of inertia. The correspond-
ing msup value was zero, from which can be understood that the physical inertia
had become too large. As a solution, it is proposed to allow negative msup values
to virtually reduce the inertia, with a mean power increase in that sea state of up
to 30% and a yearly yield increase of 2% at Location 1, up to 5% at Location 3.
Hence this update to the control offers a meaningful yield gain without extra in-
vestment.
A general conclusion of this chapter is that the rack and pinion PTO offers
a large potential towards a reduction of the installed power compared to a PTO
that maximises the absorbed power. By considering the detailed efficiency of the
PTO drive train, the average annual electrical yield can be quantified for different
PTO sizes at a targeted location. These yields can subsequently be used to asses the
economic viability of these cases. Taking account for the wave climate of the place
of exploitation is assumed to affect the optimal PTO sizes. The more energetic a
location is, the higher the yield gain per extra installed kW of the PTO. Also for
this PTO topology it is clear that the magnitude of the nominal efficiency of a (part
of) PTO can be misleading, as the variable nature of wave energy employs a large
operational range, where the efficiency might be much lower than the at nominal
load.

7
Power Split Transmission PTO
The rack and pinion system converts the heave motion of the buoy to a bidirectional
rotary movement. When a drive train is directly (or through a gearbox) connected
to the pinion shaft such as in Chapter 6, the average efficiency of the electrical
machine is influenced, as it operates at many instances in working regions with
low efficiency.
The PTO studied in the current chapter tries to improve the machine efficiency
by introducing a mechanical power split transmission (PST) in the drive train.
The PST of patent WO2015055441 [3] takes on the challenge of transforming the
bidirectional movement of the buoy into a unidirectional rotation, hence allowing
the connected electrical machine to work in a region at or close to its maximum
efficiency. Furthermore, a flywheel facilitates smoothing of the absorbed power
towards the grid to tackle another challenge in wave energy: the high peak to
average power ratio due to the oscillatory motion of the waves. Indeed, if a smooth
electrical output is desired, an energy storage system at buoy level is required or
an array of devices compensating each other [71].
Comparable transmissions were proposed decades ago in wind turbines to al-
low the turbine to operate at variable speed, optimising turbine efficiency while the
generator could operate at a strictly fixed grid frequency [72–74]. Even after the
introduction of power electronics, research is being done recently to increase the
energy yield of a wind turbine by responding to turbulences in the wind by means
of a continuously variable transmission and an advanced control [75].
The chapter first deals with the modelling of the PST and according electrical
machines. The model is subsequently combined with the hydrodynamic model to
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Figure 7.1: Schematic illustration of the PST together with the shafts to the rack and
pinion system, auxiliary machine and flywheel plus main generator. The rack
and pinion is connected to the carrier, the auxiliary to the sun and the flywheel
and main generator to the ring.
estimate the power production of the PST PTO topology. Next, the sensitivity of
the control and design parameters is investigated to result in a proof-of-concept
system to further explore the PTO topology.
Parts of this chapter have earlier been published in [76].
7.1 Working principle
The PST discussed in this work comprises a planetary gearbox with three in-
put/output shafts. One is connected to the planet carrier, a second to the ring wheel
and the third to the sun wheel as illustrated in Fig. 7.1. In a classical application
of a planetary gearbox, one of the shafts is fixed to the surrounding, resulting
in a fixed transmission ratio (with loss of the desired degree of freedom studied
here). When all three shafts are allowed to rotate, changing the speed of one of
the shafts enables a varying speed transmission between the other two. Hence, the
bidirectional rotation of the shaft connected to the pinion can be converted into
a unidirectional rotation of a generator by controlling the speed of the auxiliary
machine connected on the third shaft.
Another characteristic of the PST is that a torque can only be transferred be-
tween two shafts if a torque is also applied on the third, i.e. the control or auxiliary
shaft. This characteristic is illustrated by the example of a car, equipped with a
differential (which is a particular type of PST), the auxiliary machine and the main
generator are replaced by the wheels and the engine replaces the rack and pinion
shaft. The torque ratio between the two wheels equals 1 for a differential. Imagine
a car of which one wheel has no grip on the ground and is slipping. Even if the
other wheel would have enough grip, it would not receive a torque large enough to
get the car moving. This is due to the fact that the only counter torque delivered
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by the slipping wheel is the acceleration torque of its inertia (neglecting friction).
Thus the same torque is applied to the other wheel, but this is too small to get the
car moving.
The aim is to enable operation of the main generator equipped with a flywheel
close to its optimal working range with maximum efficiency by controlling the
auxiliary machine. The latter needs to make sure that power is transmitted from the
buoy towards the generator. The flywheel can store temporarily excess of energy,
and hence facilitates a smoother power generation of the main generator.
By applying a torque with the auxiliary machine during the upwards movement
of the buoy, the PST will impose a torque on the other two shafts as well, providing
a damping PTO force to the buoy on the one hand, and an acceleration torque
towards the flywheel and main generator on the other hand.
During the downwards motion of the buoy, the auxiliary machine is kept idle
(cfr. slipping car wheel). It can freely rotate in opposite direction enabling the main
generator to maintain its unidirectional rotation. The only torque being transferred
is the torque due to the acceleration of the auxiliary machine’s rotor inertia. The
corresponding torque transferred by the PTO will slightly decelerate the flywheel
and main generator, but is not necessarily a loss: it can tune the natural frequency
of the buoy towards the frequency of the incident wave initiating higher power
absorption as the motion gets closer to resonance.
The working principle just explained can be seen as a controlled one-way (free-
wheel) clutch. However, compared to a simple mechanical clutch, the transferred
torque can be ramped gradually by controlling the set point torque of the auxiliary
machine. This gives the PST the major advantage of avoiding the often very high
impact torques of a purely mechanical freewheel clutch. On the other hand, com-
pared to the rack and pinion PTO of the previous chapter, the PST requires two
independently working machines, and is possibly more demanding to the gearbox
in terms of speeds and reciprocating behaviour.
After a first simulation run, sensitivity analyses of the mechanical and control
parameters were performed. The results thereof showed a higher WEC perfor-
mance when the auxiliary machine was not simply redirecting all absorbed wave
power to the main generator. Consequently, the further research on the PST pre-
sented in this work left the idea of smoother power production to explore the po-
tential of the PST with regard to the energy production.
7.2 Modelling
To insert the PST in the hydrodynamic model of the buoy, the relation between
speeds and torques of the different shafts of the transmission needs to be analysed
and determined which of the parameters are an input to the model, and which are
an output. In this first approach, internal inertias, friction or torsions are not taken
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into account. The internal relation between the rotational speeds of the shafts of a
planetary gear is expressed by
zsΩs − zrΩr + (zr − zs)Ωc = 0, (7.1)
with zs, zr the number of teeth for the sun wheel and ring wheel respectively
(zr < 0 for internal gearing), and Ωs, Ωr, Ωc the angular speed of sun, ring and
carrier in radians per second. Hence, there are two degrees of freedom, when two
angular speeds are chosen, the third is defined.
Using the method of virtual power, with δΩ the notation for a virtual angular
velocity, two independent relations between the torques of the (frictionless) plan-
etary gear can be written:{
TsδΩ
1
s + TrδΩ
1
r + TcδΩ
1
c = 0
TsδΩ
2
s + TrδΩ
2
r + TcδΩ
2
c = 0,
(7.2)
with Ts ,Tr and Tc the torques on the shaft of the sun wheel, ring wheel and carrier
wheel respectively, and δΩ1s , δΩ
1
r , δΩ
1
c and δΩ
2
s , δΩ
2
r , δΩ
2
c two independent virtual
movements.
Given the transmission ratios of a planetary gear, and the relatively higher
inertia of the ring wheel, it was proposed to connect the main generator to the ring
wheel shaft, the auxiliary machine to the sun wheel and the carrier to the pinion.
Nevertheless, alternative configurations might be interesting.
To be able to define which of the speeds and torques of Equation (7.1) and
(7.2) will be considered as inputs of the PST model and which as outputs, the
three subsystems are shortly analysed separately: (i) the shaft to the buoy, (ii) the
auxiliary machine and (iii) the main generator with flywheel.
7.2.1 Shaft to the buoy
The movement of the buoy is a result of the forces acting upon it. These forces
are the hydrodynamic force on the one hand, and the PTO force on the other hand.
The PTO force originates from the PST, thus influencing the buoy motion. Subse-
quently, the resulting buoy speed imposes a rotational speed on the pinion through
the rack. Consequently, the speed of the carrier Ωc is an input to the PST model
and the carrier torque Tc an output.
7.2.2 Auxiliary machine
The electromagnetic torque of the auxiliary machine is the controllable param-
eter that defines the PTO force to the buoy. The auxiliary machine is therefore
also called the ’control’ machine. The actual torque Taux,shaft on the sun shaft
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to the PST however, is not equal to the electromagnetic torque Taux because the
machine’s rotor inertia Jaux should be taken into account:
Taux,shaft = Taux + Jaux
dΩs
dt
(7.3)
Hence, the torque on the sun shaft Ts is an input to the PST and the rotational
speed of the sun is an output.
7.2.3 Main generator with flywheel
The torque on the shaft to the flywheel and main generator Tmain,shaft originates
from the ring wheel and is considered a result of the torque on the control shaft
(Ts) and consequently an output of the PST. At the other shaft end of the flywheel,
the main generator will apply an electromagnetic torque Tmain. When combining
the inertia of the flywheel and the machine’s rotor inertia to Jfly, the rotational
speed Ωmain of the shaft is the result of the two torques applied on Jfly:
dΩmain
dt
=
Tmain,shaft − Tmain
Jfly
(7.4)
Accordingly, the rotational speed of the main generator is an input to the PST.
7.2.4 Model of the PST
Based on the above conclusions for each of the three shafts, three inputs have been
defined: the torque on the sun wheel Ts, the speed on the carrier Ωc and the speed
on the ring wheel Ωr. These values will determine the magnitude of the outputs:
rotational speed of the sun Ωs, torque of the carrier Tc and torque of the ring wheel
Tr. A block diagram of the PST model is illustrated in Fig. 7.2.
Equation (7.1) gives the relation between the rotational speeds to calculate Ωs:
Ωs =
zr
zs
Ωr +
(zs − zr)
zs
Ωc =
zr
zs
Ωr + (1− zr
zs
)Ωc (7.5)
If, in a virtual movement, the carrier would be kept still, i.e. δΩ1c= 0, then
Equation (7.1) and (7.2) can be combined to find an expression for the torque on
the ring:
Tr = −zr
zs
Ts (7.6)
If in contrast, the ring wheel would be kept still, i.e. δΩ2r = 0, than Equation
(7.1) and (7.2) give an expression for the carrier torque:
Tc =
(zr − zs)
zs
Ts (7.7)
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Figure 7.2: Block diagram of the PST PTO model.
Equations (7.5), (7.6) and (7.7) are the core of the PST model, and define the
interaction between the three shafts.
It is interesting to mention that - even though the PST could be seen as continu-
ously variable transmission - only the speed ratio is variable and the ratio between
the torques does not change as can be derived from Equations (7.5), (7.6) and (7.7).
This can be elucidated by understanding that the diameters of the gears (sun, ring,
planets) do not change. In other words, the levers with which the torques are con-
verted do not change. Though the speed relation between two shafts can be altered
by changing the speed of the third shaft.
7.2.5 Additional speed conversions and transmission ratio of
the planetary gear PST
The speed of the rack and pinion is very slow, in the order of magnitude of 100 rpm
with a pinion radius of 15 cm. Therefore, after some initial simulations with the
PST model, a transmission with a ratio of 20 was added between the rack and
pinion and the PST carrier shaft. Another transmission with a ratio of 5 was added
between the ring wheel and the main generator shaft to increase the speed towards
the operational (200%) range of 1000 rpm machines for the main generator and
3000 rpm for the auxiliary machine.
The transmission ratio of the planetary gear PST has been set by iteratively
changing the ratio zr/zs to keep the positive operational speed of the auxiliary
machine in the range of 200% of the nominal speed of a 3000 rpm rated device.
Eventually zr/zs was set to -62/30 (negative as zr < 0). The practical feasibility
has not been checked at this proof-of-concept phase, but it is reassuring that an
identical transmission ratio could be achieved with a stepped planet configuration.
Furthermore, the additional transmissions between rack & pinion and between PST
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and main generator offer room to optimise the complete system in the future.
These ratios are considered as fixed during this study of a single PST config-
uration. The extra transmission between ring wheel and main generator results in
the following expressions:
Ωr =
Ωmain
5
(7.8)
Tmain,shaft =
Tr
5
. (7.9)
The corresponding equations to connect the PST PTO model with the hydro-
dynamic model are:
Ωc = 20 · Ωpinion = 20
r
dz
dt
(7.10)
FPTO =
20
r
Tc, (7.11)
with r the pinion radius and dzdt the vertical buoy speed.
7.2.6 PTO efficiency
The machine and drive efficiencies are considered in the model as efficiency maps
as a function of actual torque and speed as described in Chapter 3 Section 3.3.3
and Section 3.4.
The efficiency of the PST is not as straightforward as for a gearbox with only
two rotating shafts. In a planetary gear system with three rotating shafts, the power
of these shafts can either be positive or negative, and the torque and speed can span
the whole working range, in both directions.
To explore the potential of the PST in a WEC in this proof-of-concept phase,
the efficiency of the PST is not implemented in the simulation model itself. Nev-
ertheless, an estimated average transmission efficiency is taken into account in the
post-processing. To obtain an estimation of this average efficiency, the rack and
pinion PTO simulation has been ran without the gearbox efficiency taken into ac-
count. Subsequently the yield results of the simulations with gearbox efficiency
are divided by the yield results with ideal gearbox to obtain an average value pre-
sented in Table 7.1. The numbers in the table make us remember that the gearbox
efficiency (Fig. 5.4) is heavily dependent on the actual torque which is translated
to the average efficiency. A PTO with a lower available torque will be more fre-
quently capped on the maximum torque and remain there longer during operation,
where the gearbox performs better, resulting in a better average efficiency.
The estimated average PST efficiency is brought into account in the post-
processing while calculating the average yearly yield. The machine efficiency is
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Table 7.1: Average gearbox efficiency for every step of installed machine torque.
T1 T2 T3 T4 T5 T6
Average Efficiency [%] 82 94 91 91 86 87
still part of the simulation model where the efficiency is calculated at every simula-
tion cycle based on the actual torque and speed. Subsequently the drive efficiency
is added as a fixed value as explained in Chapter 3.
7.3 Control
The idea of the concept was that the power from the waves is directed towards
the flywheel and main generator by controlling the auxiliary machine. To respect
the unidirectional rotation of the main generator, this implies that the wave energy
absorption will happen during the upwards movement. A basic control for this
proof of concept has been started with, inspired on the patent description [3].
The sign of the rotational speed is taken positive for the rack and pinion shaft
when the buoy moves up. Taking the speed sign also positive at the desired opera-
tion speed of the main generator (ring), fixes the speed sign of the sun shaft to the
auxiliary machine: when the ring would be kept still, the rotation is positive when
the buoy moves up.
During the downwards motion, no torque is applied by the auxiliary machine
allowing itself a free rotation in the negative direction. Once the buoy is moving
up and the rotation of the auxiliary machine tends to change direction, a torque
is applied by the auxiliary machine creating a braking torque for rotations in pos-
itive direction to redirect the wave power to the flywheel and main generator by
accelerating them. Hence an electromagnetic torque Taux, proportional with the
rotational speed of the auxiliary machine is proposed, applied only when the shaft
speed is positive:
Taux = Kp,aux Ωs|Ωs>0, (7.12)
with Kp,aux the proportional gain factor for the damping of the auxiliary machine.
The control of the auxiliary machine is updated in Section 7.5 Equation (7.14) to
add reactive control.
The control of the main generator consists of keeping the speed of the main
generator around a setpoint value Ωset. A basic control is a braking torque applied
once the actual rotational speed Ωmain exceeds this setpoint:
Tmain = −min(0, Kp,main(Ωset − Ωmain)), (7.13)
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Table 7.2: The control and mechanical parameters for a first conceptual simulation of the
PST in a WEC.
Kp,aux
[Nms/rad]
Kp,main
[Nms/rad]
nset
[rpm]
Jaux[
kgm2
] Jfly[
kgm2
]
10 3 1000 1 5
with Kp,main the proportional gain factor for the damping of the main generator.
Kp,main(Ωset − Ωmain) is negative when the speed exceeds the setpoint, thus
a minus sign is added to make the electromagnetic torque positive. As stated in
Chapter 3 Section 3.1, the convention in this work is that generated power is pos-
itive. Thus a positive electromagnetic torque has a braking effect on a positive
machine speed. To avoid the flywheel and main generator from being acceler-
ated by an electromagnetic torque, the torque is limited to zero by the minimum
operator.
In the simulations, the initial speed of the main generator is set at the setpoint
value, but the operation principle allows the acceleration of the main generator to
the setpoint value by wave power.
7.4 First simulation results
To explore the working of the PST, the auxiliary and main generator machines
have been chosen with an ample available torque. To check the working of the
PST in a WEC, control parameters were found on a trial and error basis to result
in a situation where the auxiliary machine is prevented from rotating in positive
direction to redirect the wave energy to the main generator and flywheel. The used
parameters are displayed in Table 7.2.
7.4.1 Bidirectional to unidirectional conversion
One of the aims of the patent [3], is the conversion of the bidirectional rotation to-
wards a unidirectional rotation of the main generator. Fig. 7.3 plots the rotational
speeds of carrier, sun and main generator. While the speed of the carrier coming
from the pinion changes speed with every wave, it is clear from the bottom graph
of Fig. 7.3 that the rotational speed of flywheel and main generator is unidirec-
tional and oscillates due to the oscillating incoming wave power and the fact that
energy is extracted from it to convert to electricity. The electromagnetic torque is
controlled corresponding to Equation (7.13).
This (preliminary) control strategy tries to retain the auxiliary machine as much
as possible from rotation in positive direction during the upwards buoy motion by
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Figure 7.3: Rotational speeds in rpm of carrier, sun and main generator for a SS4
simulation
applying a torque Taux. This torque is also transmitted through the PST to the ring
wheel and accelerates the flywheel and main generator. During the downwards
buoy movement, the main generator is decelerated. A part of this deceleration is a
result of the acceleration torque applied on the auxiliary shaft due to the auxiliary
machines rotor inertia and the other contributor to the deceleration is the main gen-
erators own electromagnetic torque. As explained before, the acceleration torque
of the auxiliary machine should not necessarily be seen as a loss factor, because a
corresponding torque is also applied on the shaft to the rack and pinion. As this
torque is quasi proportional to the buoys acceleration, it changes the natural fre-
quency of the buoy, which can tune it towards the frequency of the incident waves,
thus enabling increased power absorption by the buoy as its motion gets closer to
resonance.
7.4.2 Efficiency at operating points
The operating points as a function of actual torque and speed have been plot-
ted above the efficiency maps for an A1 machine for the auxiliary machine in
Fig. 7.4 and for the main generator in Fig. 7.5. The location of the operation
points shows that the main generator indeed operates close to the most efficient
region, which could easily be improved by lowering the installed torque which is
now over-dimensioned.
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Figure 7.4: Scatter of the operating points of the auxiliary machine with preliminary
control for a SS4 above the efficiency maps of an A1 machine (left) and a B3
machine (right).
Figure 7.5: Scatter of the operating points of the main generator with preliminary control
for a SS4 above the efficiency maps of an A1 machine (left) and a B3
machine (right).
The auxiliary machine however, operates at the border to low efficiencies, es-
pecially with the A1 machine (left graph of Fig. 7.4).
7.4.3 Sensitivity of the parameters towards power absorption
The simulation of the previous section is a first step in the proof of concept of a
PTO consisting of a PST for wave energy conversion. The main generator rotates
in a single direction and could operate at high efficiency zones with optimised
control. However, the wave power absorption is not yet evaluated. The simulation
of Fig. 7.4 and Fig. 7.5 resulted in a mean absorbed power of 13.3 kW, which is
significantly lower than the 24 kW for a drum and cable PTO with an unlimited
PTO with tuned control.
The aim is now to assess the influence on the power absorption of the control
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and mechanical design parameters of Table 7.2 and how they should be optimised.
The easiest to modify are the control parameters. In the current control strategy
two control parameters are identified: the proportional gain factor Kp,aux for the
damping of the auxiliary machine, and the proportional gain factor Kp,main for
the damping of the main generator (a third control parameter is introduced in an
updated strategy in Equation (7.14)). The mechanical design parameters, i.e. the
inertia of flywheel and main generator Jfly, and the inertia of the auxiliary machine
Jaux are at this stage considered as not variable during operation, although for ex-
ample a variable inertia is technically possible. Nevertheless, an optimum size for
best performance in an average year should be determined in the design process.
In the next subsections, the sensitivity of the control and design parameters is
analysed.
7.4.3.1 Influence of auxiliary machine damping
The scatter of the operating points of the auxiliary machine in Fig. 7.4 illustrated
that the rotation is already heavily damped, but still permits positive rotation. On
the other hand, it is interesting to analyse the impact of a lower damping factor.
For Fig. 7.6, a series of simulations in SS4 were performed where all param-
eters of Table 7.2 are kept fixed except for the auxiliary machine damping factor
Kp,aux. To reach the highest absorbed power, it appears that a lower damping
factor should be used: compared to the 13.3 kW with a Kp,aux of 10 Nms/rad,
an absorbed power of 30 kW can be reached with a Kp,aux of 1 Nms/rad limited
by the sinkage constraint. Looking into the resulting electrical power distribution
between the main generator and auxiliary machine of Fig. 7.7, this shows that the
higher power is due to a higher power absorption by the auxiliary machine. In
fact, the auxiliary machine becomes the largest contributor of power. So far, its
auxiliary function. While the electrical power with a Kp,aux of 10 Nms/rad was
4.1 kW for the auxiliary machine and 7 kW for the main generator, this is 22.6 kW
and 4.5 kW respectively for a Kp,aux of 1 Nms/rad.
7.4.3.2 Influence of main generator damping
The influence of the main generator damping factor Kp,main is studied by setting
Kp,aux at the optimal value of 1 Nms/rad found in previous subsection, and main-
taining the other parameters as in Table 7.2.
The influence of the main generator damping is significantly less pronounced
towards the absorbed power as Fig. 7.8 illustrates. Which can be understood be-
cause it does not directly affect the PTO force, but determines the torque with
which the main generator is damped. The maximum absorbed power of 30.5 kW
is reached at a Kp,main value of 1 Nms/rad, limited by the sinkage constraint, and
it only drops to 29.7 kW at a Kp,main of 20 Nms/rad.
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Figure 7.6: Absorbed power for SS4 vs. the auxiliary machine damping Kp,aux [Nms/rad]
and the corresponding peak sinkage and peak lift.
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Figure 7.7: Mean electrical power [kW] for SS4 vs. the auxiliary machine damping
Kp,aux [Nms/rad] for the auxiliary machine (upper) and main generator
(bottom) (A1 map).
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Figure 7.8: Absorbed power for SS4 vs. the main generator damping Kp,main [Nms/rad]
and the corresponding peak sinkage and peak lift.
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Figure 7.9: Mean electrical power for SS4 vs. the main generator damping Kp,main
[Nms/rad] for the auxiliary machine (upper) and main generator (bottom) (A1
map).
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The contribution of the main generator in the total mean power drops slightly
with increasing damping factor as showed in Fig. 7.9.
7.4.3.3 Influence of auxiliary inertia
The inertia of the auxiliary machine Jaux affects the hydrodynamic response of
the floater by virtually adding mass to it. Even though there is no electromagnetic
torque applied during the downwards buoy movement (running idle), the acceler-
ation torque of the rotary inertia is translated to a PTO force quasi proportional to
the buoy speed (quasi and not completely because of the interrelated rotary speeds
cfr. Equation 7.1, and the main generator speed is not constant). Consequently it
influences the hydrodynamic response, and a high sensitivity towards the absorbed
power can be expected.
An iteration on the auxiliary inertia Jaux has been simulated with Kp,aux = 1
Nms/rad and Kp,main = 1 Nms/rad and the other parameters as in Table 7.2. The
expectation is confirmed by the results collected in Fig. 7.10. The absorbed power
starts from 11.6 kW with an inertia of 0.2 kgm2, to reach 30.5 kW limited by the
sinkage constraint with an inertia of 1 kgm2.
The power distribution between the auxiliary machine and main generator
seems not affected as Fig. 7.11 demonstrates, both electrical powers are influenced
in an identical way.
7.4.3.4 Influence of main generator inertia
The flywheel at the main generator shaft can absorb an amount of wave energy
to enable power smoothing towards the electrical output. This is valued as an
interesting characteristic, considering the variable nature of wave energy. The
inertia of the flywheel Jfly is considered a mechanical design parameter in this
study. As Jfly will be much larger than the rotor inertia of the main generator, it is
here the total inertia of the flywheel plus the rotor inertia.
The results of an iteration between 2 kgm2 and 12 kgm2 did not reveal a signif-
icant influence towards the absorbed power, neither towards the floater constraints
or the power distribution between auxiliary and main generator.
However, it is to be expected that the combination of main generator damping
and flywheel inertia will affect the wave form of the electrical output power of the
main generator.
7.5 Update of the control
The magnitude of the auxiliary inertia has shown to have a substantial influence on
the power absorption of the PST PTO, as well as the damping parameter Kp,aux.
An iteration of these two parameters has been executed to find the optimum - or
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Figure 7.10: Absorbed power for SS4 vs. the auxiliary inertia Jaux and the corresponding
peak sinkage and peak lift.
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Figure 7.11: Mean electrical power for SS4 vs. the auxiliary inertia Jaux for the auxiliary
machine (upper) and main generator (bottom) (A1 map).
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Figure 7.12: Absorbed power [kW] in fuction of the auxiliary inertia Jaux and auxiliary
damping factor Kp,aux [Nms/rad], contours of peak sinkage (black) and peak
lift (blue).
maximum - inertia value for all sea states, and in the mean time, the optimum
damping factor for each sea state. The results are displayed in the colour plots of
Fig. 7.12 per sea state. The limiting sea state for the inertia appears to be SS6 where
the maximum sinkage is reached at an inertia of 0.6 kgm2. The blue circle in the
plot of every SS shows the optimum Kp,aux with the inertia limited at 0.6 kgm2,
but the plots indicate that a higher mean power can be reached in SS3 to SS5 at
higher inertia values. Two possibilities rise to tackle this:
1. Using a variable inertia
2. Adding a term proportional to the acceleration to the electromagnetic auxil-
iary torque: reactive control
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Table 7.3: Absorbed power per sea state for a fixed inertia limited to 0.6 kgm2 (column 2),
a variable inertia (column 3) and a fixed inertia complemented with reactive
control (column 3).
SS J fixed J variable
J fixed
with reactive control
[kW] [%] of J fixed [%] of J fixed
1 0.5 100 100
2 5.5 100 100
3 12.0 158 152
4 21.8 137 133
5 33.5 115 113
6 45.6 100 100
7.5.1 Variable inertia
The absorbed powers of a reference case with a fixed (limited) inertia has been
presented in the second column of Table 7.3. If the inertia can be varied depending
on the actual sea state, the absorbed power increases 15% in SS5, 37% in SS4 and
58% in SS3, compared to the reference case of a fixed inertia. The numbers for all
sea states for the variable inertia are collected in the third column of Table 7.3. The
results offer an important incentive to check the feasibility of a variable inertia in
a further design stage of a PTO, certainly because the power gain is mainly in the
sea states contributing significantly to the average yearly yield in all three virtual
locations. The feasibility of a variable inertia is however out of scope for this work.
7.5.2 Reactive control
Adding a term to the electromagnetic torque which is proportional to the acceler-
ation, i.e. reactive control, is earlier in this work explained and also called ’motor
tuning’ or ’tuning’.
By virtually adding inertia to the auxiliary, the mean power rises 152%, 133%
and 113% in SS3, SS4 and SS5 respectively (fourth column of Table 7.3) compared
to a case where the inertia is fixed and limited to 0.6 kgm2 (second column), and
thus approximating the case of variable inertia.
Hence a new control parameter is introduced to optimise the power output: the
supplementary inertia Jsup. The electromagnetic torque of the auxiliary machine
is consequently updated to:
Taux = Kp,aux Ωs|Ωs>0 + Jsup
dΩs
dt
(7.14)
This implies that the auxiliary machine will act as a motor at some instances
of the wave cycle.
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7.5.3 Auxiliary speed range
A consequence of the lower damping is that the auxiliary machine reaches a higher
negative peak speed. The operating points from a lowly damped SS4 are plotted in
Fig. 7.13 and can be compared with the operating points from the highly damped
SS4 in Fig. 7.4. The negative speed reaches even a higher peak in SS6, illustrated
in Fig. 7.14. The design specification for the auxiliary machine should conse-
quently have a high mechanical speed limit. Above 200% of the rated speed, the
machine will run idle in any case. When the machine is only damped, the ma-
chine runs idle over the complete negative speed range. When reactive control is
applied however, as for the simulation resulting in Fig. 7.15, an electromagnetic
torque is also applied in negative speed direction to tune the system, but only in
the operational range up to 200% of the rated speed.
In positive rotational direction, the control parameters should be choosen to
limit the peak speed at 200% of the rated speed. If idle operation would be al-
lowed there, the damping of the floater would suddenly stop as the machine can no
longer apply a torque above that limit (in the defined operational torque range for
this work). This stop in damping of both floater and auxiliary machine opens the
possibility of uncontrolled acceleration and is therefore undesired.
It should be noted that this design condition differs from the PTO topologies
from Chapter 5 (drum & cable) and Chapter 6 (rack & pinion) where exceeding
of the 200% speed limit was not allowed in none of the directions. The control
parameters were determined to respect this prerequisite.
7.6 Power smoothness
One of the aims of the PST in a WEC was to have a smoother power output.
By redirecting the absorbed energy to a large inertia, the power could indeed be
averaged out by optimising the main generator control. However, the sensitivity
analysis on the auxiliary damping factor in Section 7.4.3.1 demonstrated that this
strategy - high damping of the auxiliary - results in a very low absorbed power
compared to an optimised - and lower - damping of the auxiliary. Moreover, the
largest share of the power contribution at optimised damping shifts to the auxiliary
machine.
Additionally, the use of reactive control implies power investment and thus a
power flow from the grid (or common DC-bus) towards the hydrodynamic system.
Trying to smoothen out the power output as much as possible is not included
in this work. First, an exploration of the potential of the PST PTO is at its place,
with an assessment of the influence of the installed power.
Considering power smoothing, it is furthermore assumed that the exploitation
of a single WEC will be exceptional, and the output of WECs in an array will
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Figure 7.13: Operating points of a lowly damped auxiliary machine in SS4, with negative
speeds exceeding the maximum operating limit.
Figure 7.14: Operating points of a lowly damped auxiliary machine in SS6, with negative
speeds exceeding the maximum operating limit.
Figure 7.15: Operating points of a lowly damped and tuned auxiliary machine in SS4,
with negative speeds exceeding the maximum operating limit.
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likely average each other out. However, it should be kept in mind that the higher
the power peaks in the electrical output, the higher the installed power of the PTO
components will be, which will have an effect on the costs.
7.6.1 Time course of power as a function of control choices
To give an idea of the power output over time, plots have been made for (non-
optimised) cases of (i) a highly damped auxiliary in Fig 7.16, (ii) a low damped
auxiliary Fig 7.17, (iii) a tuned and low damped auxiliary Fig 7.18 in SS4 with an
unlimited PTO.
The first case of a highly damped auxiliary achieves a mean absorbed power
of 12.2 kW and has a relatively low peak to mean ratio, the peak power of the
auxiliary is around 30 kW, and around 19 kW for the main generator. The total
peak power is about 42 kW, which gives a peak-to-mean ratio of only 3.4. The
power of the machines is never negative, i.e. always generating.
The second case, a lowly damped auxiliary reaches a mean absorbed power of
20 kW with peaks of the auxiliary machine of up to 220 kW and 10 kW for the
main generator. The total peak power is about 225 kW, with a peak-to-mean ratio
of 11.3. The power is always positive.
In the third case reactive control (tuning) is applied together with a low damp-
ing factor, resulting in a mean absorbed power of 29.4 kW. The auxiliary machine
peaks at more than 290 kW when working as generator, and around -170 kW when
working as motor. The peak of the main generator is reached at around 12 kW. The
total power exceeds 300 kW in generative mode, resulting in a peak-to-mean ratio
of 10.2, and the total power reaches a peak around -170 kW in motor mode.
It is reminded that these data are simulated with an unlimited PTO and that the
influence of installed power reduction is studied in the next sections. It should also
be kept in mind that the control of the main generator can be optimised to have a
more steady output.
7.6.2 Potential power averaging with the PST topology
When a constant power output would be a substantial requirement, the topology of
the PST PTO with a flywheel offers possibilities. A strategy to flatten the power
output could be to store the power peaks generated by the auxiliary machine in the
main generator flywheel. To do so, the total power output should be monitored
and controlled to correspond to the average produced power. The control can be
effectuated by first reducing the power generation of the main generator once the
total power exceeds the average produced power, and even using the main genera-
tor as motor on moments when the auxiliary power exceeds the average produced
power to accelerate the flywheel and store the energy. Some instances later, this
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Figure 7.16: Electrical power vs. time for the auxiliary machine, main generator and total
electrical power for the case of a highly damped auxiliary machine in SS4.
Figure 7.17: Electrical power vs. time for the auxiliary machine, main generator and total
electrical power for the case of a low damped auxiliary machine in SS4.
Figure 7.18: Electrical power vs. time for the auxiliary machine, main generator and total
power for the case of a tuned and low damped auxiliary machine in SS4.
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energy can subsequently be converted to electricity when the output of the auxil-
iary machine is low (and even negative). The torque of the auxiliary machine will
still be controlled to maximise electrical power production, the main generator
will control the magnitude of the actual total power output. The main generator’s
RMS torque will consequently rise significantly, as well as the maximum required
torque, and thus its installed power.
This will inevitably lead to a net loss of energy because the stored energy will
be converted twice by the main generator with corresponding losses. A cost-benefit
analysis should be performed, as well for an alternative power smoothing solution
such as ultracapacitors on the DC bus. Ultracapacitors have proven to be a good
technical solution in the Wave Pioneer test WEC [77]. Moreover, the question rises
whether such a PST system has advantages over another PTO system extended
with an extra power smoothing solution. E.g. a rack and pinion PTO could also be
extended with an extra machine with a large flywheel, or an ultracapacitor system.
7.7 System definition for further analysis
Based on the above findings a control strategy based on reactive control with op-
timised damping will be used in the further analyses in this work. The reactive
control will also allow negative tuning to virtually reduce the inertia to prevent ex-
ceeding of the sinkage constraint which appeared to be an issue in SS5 and SS6. As
an extra precaution, the auxiliary machine inertia will be derived from a catalogue
of low-inertia machines [78] to enable moderate tuning.
The inertia of the flywheel on the main generator shaft Jfly is set at 10 kgm2
and the main generator damping factor Kp,main at 6 Nms/rad. The setpoint speed
nset is set at 1000 rpm.
Hence the only control parameters are the supplementary inertia Jsup deter-
mining the amount of reactive control, and the damping factor Kp,aux deciding on
the degree of damping of the auxiliary machine.
7.8 Influence of PTO installed power
Based on the simulations with an unlimited PTO of the previous sections, an in-
stalled power for both the auxiliary machine and main generator have been defined.
The required auxiliary machine has a rated power of 188.5 kW with a rated speed
of 3000 rpm and the main generator 12.5 kW 1000 rpm. Analogue to the other two
studied PTO topologies, six power steps have been defined to investigate the influ-
ence of the installed power without varying the rated speed, hence looking at the
influence of the available torque. The installed power of the main generator is not
changed and remains 12.5 kW in all cases. The power steps of the total installed
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Table 7.4: The six power steps [kW] for the sensitivity analysis on rated power. The value
represents the total installed power from auxiliary machine and main generator
together. The main generator contributes in all cases for 12.5 kW.
P1 P2 P3 P4 P5 P6
Rated power [kW] 44 75 107 138 170 201
power are displayed in Table 7.4. The power steps do not correspond to available
machine sizes, but are a tool to study the influence towards the WEC performance.
The inertia of the auxiliary machine is function of the rated torque of the machine
and ranges between 0.094 kgm2 and 0.49 kgm2, derived from a low inertia ma-
chine range [78]. The inertia of the main generator is included in the value of Jfly.
Unlike the other two studied PTO technologies, the installed machine power is not
split up in the simulation model, the PST model comprises one main generator and
one auxiliary machine.
For each power step, the optimal values for the control parameters Jsup and
Kp,aux have been defined at every sea state accounting for the floater and PTO
constraints, depicted by the colour plots of Fig. 7.19 as a result of approximately
3000 simulation runs. The PTO constraints include the RMS torque and positive
speed limit of the auxiliary machine. As stated in Section 7.5.3, the auxiliary
machine is allowed to rotate idle in negative direction above 200% of the rated
speed, the peak negative speed reached for the choosen parameter combination
is approximately 11 000 rpm. The main generator power of 12.5 kW with a rated
speed of 1000 rpm is dimensioned on the requirements of a SS6 with a P6 installed
power, and might thus be over dimensioned for the other cases, which can be
subject for a future optimisation.
The mean power per sea state is subsequently plotted vs. the installed power
in Fig. 7.20 together with the values of peak sinkage, lift, RMS torque and speed,
normalised to its respective limit. It should be noted that the calculation of the
mean power only includes the machine efficiency with an A1 map and the drive
efficiency, the PST efficiency is not taken into account, an estimation of it will
only be considered to calculate the yearly yield as explained in Section 7.2.6. The
powers presented here consequently do not have any physical reference, but are
used here to visualise the trends influenced by the installed power.
Constraints
Fig. 7.19 and Fig. 7.20 indicate that it is mainly the speed limit that decides on the
choice of control parameters, and the sinkage limit from P4 on. The chosen speed
range of the 3000 rpm might have been too stringent to start with.
The RMS torque is the limiting factor in P1, at least for the sea states higher
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Figure 7.19: Mean power [kW] vs. control parameters Jsup [kgm2] and Kp,aux [Nms/rad]
for the 6 steps of PTO power with A1 machine efficiency map without
accounting for PST efficiency, contours for maximum sinkage (black), speed
(yellow), RMS torque (magenta) and lift (blue).
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Figure 7.20: Mean power [kW] per sea state vs. installed power [kW] with normalised
values in relation to the constraint limits for sinkage, lift, RMS torque and
rpm, for an A1 machine without accounting for the PST efficiency.
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than SS2 where this very small PTO is able to operate. P1 does not have enough
power on board to handle SS5 and SS6, neither has P2 to cope with SS6.
Mean power
The mean power for SS2 is relatively flat, only P1 shows a visible lower mean
power for that sea state. The power curves as a function of the installed power for
SS3 and SS4 are topped due to reaching of the limits at higher installed powers.
The current configuration of the PST PTO is possibly not optimal to absorb
energy at SS5 and SS6, certainly not with installed powers P1 to P4. As stated
before, the study of a PST in a WEC in this work is a first proof of concept, and
a better arrangement of the transmission ratios of the additional transmissions, the
PST itself and the operational speed range of the machines might improve the
system’s performance in higher sea states.
Control parameters
The control parameters are sea state dependent as can be seen from the location
of the blue circle indicating the feasible optimum. Please note the change in axis
limits for some cases. The control parameters Jsup and Kp,aux for each sea state
are plotted in Fig. 7.21 for the highest installed power P6, and for the case P3 in
Fig. 7.22. The reactive control for P6 is purely positive, while with the P3 in-
stalled power it is necessary to virtually reduce the inertia of the auxiliary machine
for SS6 with a negative value for Jsup.
The colour plots of Fig. 7.19 show that the iteration range of the control pa-
rameters could have been smaller. Care should be taken to define the resolution
of the iteration. A first run did not give a workable solution for some cases in the
higher sea states, and only after reducing the step of Jsup from 0.3 to 0.1 a possible
operation point was found.
Average machine efficiency
One of the claimed advantages of the PST PTO is that the machines, or at least
the main generator, can operate at or close to its optimal efficiency. Because the
contribution of the auxiliary machine exceeds the main generators power contri-
bution, a check of the total average machine and drive efficiency has been done
and compared with a direct coupled rack & pinion PTO as studied in the previous
chapter. For both the PTOs the results of simulations with a P6 installed power
have been used with an A1 efficiency map.
In Table 7.5 the ratio in [%] of the mean electrical power of the machines
over the mean electromagnetic power for each sea state is displayed. The second
columns lists the values for the rack & pinion PTO which rise with the sea state
between 60% and 88%. In the third column the values of the PST PTO show that
the average machine efficiency is indeed higher than with a rack and pinion direct
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Figure 7.21: Optimal values of the control parameters Jsup [kgm2] and Kp,aux [Nms/rad]
vs. sea state for the case P6.
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Figure 7.22: Optimal values of the control parameters Jsup [kgm2] and Kp,aux [Nms/rad]
vs. sea state for the case P3.
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Table 7.5: The ratio in [%] of the mean electrical power of the machines over the mean
electromagnetic power for each sea state, for the rack & pinion PTO (second
column), the PST PTO (third column), and the difference between the two
systems (fourth column).
SS
Pel/Pem
rack & pinion
Pel/Pem
PST delta
[%] [%] [%]
1 59.6 71.9 12.4
2 74.0 84.4 10.4
3 74.1 77.7 3.6
4 79.9 84.6 4.7
5 85.4 87.5 2.1
6 88.4 91.7 3.3
coupled system, and ranges from 72% to 92% compared to 60% to 88%. This
delta has been separately added in the fourth column. The difference is highest in
SS1 en SS2 where the machines in a PST environment perform around 10% better.
In the higher sea states a substantial 2% to almost 5% are registered.
7.9 Influence of location
The average yearly yield of a WEC equipped with a PST is calculated for the three
(virtual) locations (cfr. Section 5.5) for every installed power step and presented in
Fig. 7.23. Next to the machine and drive efficiency incorporated in the simulation
model, the estimated average PST efficiency has been accounted for to calculate
the yearly yield based on the occurrence frequency of the sea states at each lo-
cation. Due to the poor performance of the lower machine powers in SS5 and
SS6, the curves are very steep up to P4 for all three locations, note the absence
of the bars of SS5 and SS6 representing the contribution per sea state. From P4
on, the gradient decreases but the annual yield still rises with increasing installed
power. The higher the wave climate at a location, the larger that gradient is, and
logically the higher the magnitude. As with the other two studied PTO topologies,
the location will decide on the incentive to increase the installed power or not.
In Fig. 7.24, the yearly yield per kW installed power is plotted for all locations.
This value, indicated on the left y-axis, can also be read as the equivalent full load
hours, i.e. the number of hours that the machines would have to operate at full load
to achieve the same amount of energy. Dividing this number by the total number
of hours in one year, the capacity factor is obtained, indicated on the right y-axis.
The plots clearly indicate the lower performance of the PTO with lower installed
power.
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Figure 7.23: Yearly energy yield vs. the installed power [kW] for the 3 locations together
with the energy fractions per sea state for the A1 efficiency map and
estimated PST efficiency.
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Figure 7.24: The yearly yield per installed power [kWh/kW], or full load hours [h] on the
left y-axis, and the capacity factor [%] on the right y-axis vs. the installed
power [kW] for the three locations, with an A1 efficiency map and estimated
PST efficiency.
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Table 7.6: The five steps in rotational speed n1 to n5 in [rpm] and the six steps in torque
T1 to T6 in [Nm] of the auxiliary machine.
n1 n2 n3 n4 n5
[rpm] 2200 2400 2600 2800 3000
T1 T2 T3 T4 T5 T6
[Nm] 100 200 300 400 500 600
7.10 Optimising rated torque and speed
Thirty machine combinations for the auxiliary machine have been analysed to in-
vestigate the influence of its size on the average yearly yield. Five steps in rated
speed and six steps in rated torque have been defined for the auxiliary machine
which are summed up in Table 7.6. The installed power of the main generator is
not changed and remains 12.5 kW in all cases, this could be subject of a future op-
timisation. The total installed power for the T6-n5 case equals the total installed
power of P6 of the previous section, i.e. 201 kW. The values are not set at rat-
ings of available machines, but as a tool to illustrate the influence of the available
torque and speed. The change in available speed can be effectuated by changing
the transmission ratio of the drive train. A n4 machine, for example, can be re-
alised with a 3000 rpm machine and a gearbox ratio that is 3000/2800 higher than
the n5 case. When both have a T6 rated torque, the rated torque of the n4 machine
will in reality be lower than the 600 Nm, to be exact: 2800/3000*600 = 560 Nm.
Because the behaviour of the WEC is highly sensitive to the inertia of the
auxiliary machine (cfr. Section 7.4.3.3), the inertia of the auxiliary machine is
taken function of the rated torque and ranges between 0.094 kgm2 and 0.49 kgm2
[78], unlike the analogue analyses of Chapter 5 and Chapter 6 where the inertia
was fixed for the 30 cases. The inertia of the main generator is included in the
value of Jfly, and is set at 10 kgm2. The main generator damping Kp,main is set at
6 Nms/rad.
For each of the thirty simulated machines, the control parameters Jsup and
Kp,aux are selected to optimise the mean power and to respect the constraints. The
result of these (approximately 14 000) simulations is plotted for each sea state as a
function of the rated torque and rated speed in Fig. 7.25. The value of mean power
presented here is calculated accounting for the machine and drive losses, but the
estimated PST losses are only considered in the calculation of the average yearly
yield.
Similar as with the other two PTO topologies studied, the presented method-
ology aims at dimensioning the best PTO size based on the average annual energy
yield rather than on maximised power production in each sea state. The results of
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Figure 7.25: Mean power [kW] (only accounting for machine and drive losses) per sea
state as a function of the 30 simulated rated torque and speed combinations.
the yields can consequently be used in a techno-economic study to determine the
optimum case.
7.10.1 Mean power
The mean power presented in the colour plots of Fig. 7.25 result from simulations
considering an A1 machine map, but the trend is identical for the B3 efficiency
map, with slightly higher magnitudes.
The influence of the reducing available speed range is clearly visible from
SS3 onwards: the mean power drops with decreasing speed range. The operating
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points of the T6-n5 and T6-n2 cases are looked at in detail. Fig. 7.26 shows the
operating points of SS4 simulations, the upper figures for a T6-n5 machine, and
the figures below for a T6-n2. In the left figures the operating points are scattered
above an A1 machine efficiency map, in the right figures above a B3 map. The
mean power between the two cases barely differs, and indeed, there is no clear
shift of the operating points to higher or lower efficiency zones, and the damping
is not influenced as can be seen in the upper right quadrant. Still, the ability to
apply reactive control is slightly reduced in the n2 case at the higher negative
speeds. The situation for a SS6 wave condition is somewhat different as illustrated
by Fig. 7.27. The n2 case is confronted with the need of negative tuning which
needs reactive control in contrast to the n5 case where the auxiliary machine is
simply damped. The path of the operating points is almost perfect for theB3 map:
the shortest way to the highest efficiency zone. Also for the A1 map, most of the
operating points - and especially at the higher power values - are located in high
efficiency zones. For the n2 case, the performance drops significantly due to the
need of reactive control as the colour plot of the mean power for SS6 in Fig. 7.25
depicts.
The location of the operating points of the main generator is visibly unaffected
between the T6-n5 and T6-n2 cases, and is therefore only displayed once for each
sea state, in Fig. 7.28.
To tackle the decreasing available torque and speed, for example in the T4-n3
machine, the damping of the auxiliary machine is increased to prevent exceeding
of the speed limit. This is illustrated for a SS4 in Fig. 7.29, the damping is clearly
higher than in Fig. 7.26.
7.10.2 Constraints
The normalised values for the limits of sinkage, lift, RMS torque and speed are
represented for all 30 machines in Fig. 7.30. The sinkage is clearly the limiting
factor for SS6, indicated by the dark red area for T4 and above. Relatively high
sinkage values are also reached for SS3, SS4 and SS5. The normalised values for
the RMS torque constraint show that the thermal capacity for most of the torque-
speed combinations is not a limitation. The relative values for the positive peak
speed of the auxiliary machine run close to the limit. By applying a finer resolu-
tion for the control parameters, a better view on the limiting constraints could be
achieved.
7.10.3 Yearly yield
Even though the power split transmission technology in a WEC is in a very early
stage, the calculation of the average yearly yield as a function of different com-
binations of operational range of torque and speed opens a view to potential re-
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Figure 7.26: Scatter of the SS4 auxiliary machine operating points above an A1 (left) and
B3 (right) efficiency map for a T6-n5 case (upper) and T6-n2 case
(bottom).
duction of the installed power. Fig. 7.31 presents the yield results accounting for
the estimated average PST losses on top of the machine and drive losses. For ev-
ery location the yield [MWh] as a function of rated torque and speed is plotted
together with contours for the total installed power in [kW] in the left figure. The
right figures represent the energy per kW installed power, or equivalent full load
hours. The figures originate from an A1 map, but the trend of the B3 yield is
substantially identical (with higher magnitudes, cfr. next section) and is therefore
not published. Moreover, this level of detail is not relevant at this stage of explo-
ration of the technology. The choice of efficiency map variant is identical for both
auxiliary machine and main generator.
What stands out from the yield plots of Fig. 7.31, is that the yield follows the
contour lines of the installed power. For the studied cases, a relative reduction in
torque has a comparable effect on the yield as the same relative reduction in speed.
This is possibly due to the fact that a rated speed of 3000 rpm was already narrow
margined.
Table 7.7 compares the yield of every of the thirty combinations with the best
performing case at every location. At each of the locations the T6-n5 case is the
best performing option. However, a profitability optimisation could be performed.
For example the T4-n3 outputs only 15.5% less energy with 42% less installed
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Figure 7.27: Scatter of the SS6 auxiliary machine operating points above an A1 (left) and
B3 (right) efficiency map for a T6-n5 case (upper) and T6-n2 case
(bottom).
Figure 7.28: Scatter of the main generator operating points above an A1 (left) and B3
(right) efficiency map for SS4 (upper) and SS6 (bottom).
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Figure 7.29: Scatter of the SS4 auxiliary machine operating points above an A1 (left) and
B3 (right) efficiency map for a T4-n3 case, as an example of higher
auxiliary machine damping, combined with (positive) reactive control.
Table 7.7: The ratio in [%] relative to the maximum yield at Location 1, 2 and 3
respectively for every rated torque and speed combination for an A1 map.
Location 1 T1 T2 T3 T4 T5 T6
n5 31.3 56.7 82.6 95.6 96.2 100.0
n4 30.6 55.7 78.8 90.2 93.4 97.7
n3 29.5 54.0 74.6 87.9 90.2 94.4
n2 22.4 51.2 67.1 82.8 87.6 93.6
n1 22.0 40.4 65.6 80.5 85.4 91.5
Location 2 T1 T2 T3 T4 T5 T6
n5 24.0 47.6 77.7 93.1 95.6 100.0
n4 23.2 46.2 72.2 87.3 91.9 96.3
n3 22.1 43.7 66.9 84.5 88.9 93.8
n2 13.5 40.0 57.6 77.5 85.8 92.6
n1 13.2 29.2 56.7 74.2 83.2 89.9
Location 3 T1 T2 T3 T4 T5 T6
n5 18.2 39.4 73.9 90.9 94.9 100.0
n4 17.5 37.8 67.6 84.0 89.1 94.0
n3 16.7 35.0 62.7 81.7 86.3 91.7
n2 9.6 31.0 49.1 74.0 83.5 90.4
n1 9.4 21.9 48.4 69.3 81.5 88.0
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Figure 7.30: Normalised values in relation to the constraint limits for sinkage, lift, RMS
torque and speed, for an A1 machine and gearbox.
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Figure 7.31: Average annual yield [MWh] (left) and yield per installed power [kWh/kW]
or equivalent full load hours [h] (right) for each location as a function of
rated torque and rated speed. A1 map, drive efficiency and estimated average
PST efficiency taken into account.
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Table 7.8: Comparison of the yearly yield of the B3 cases with the A1 cases as
YY(B3)/YY(A1) in [%].
Location 1 T1 T2 T3 T4 T5 T6
n5 114 109 106 106 104 104
n4 112 108 106 105 105 104
n3 112 107 106 105 105 104
n2 111 107 105 105 104 104
n1 109 108 105 105 104 103
Location 2 T1 T2 T3 T4 T5 T6
n5 112 109 105 105 104 104
n4 111 108 106 104 104 104
n3 110 107 106 104 104 104
n2 110 106 105 104 104 103
n1 109 108 104 104 103 103
Location 3 T1 T2 T3 T4 T5 T6
n5 112 108 105 104 103 103
n4 110 107 106 104 104 104
n3 109 107 106 104 104 103
n2 111 105 105 104 103 103
n1 109 108 104 105 103 103
power. Taking these values into account in a total cost and revenue evaluation, the
sense or nonsense of a large installed power can be determined.
7.10.4 Yield comparison between B3 map and A1 map
To assess the influence of the shape of the efficiency map of the electrical ma-
chines, the yield results of two different type of machines (A1 and B3) with equal
nominal efficiency have been compared. Table 7.8 lists the ratio of yearly yield of
the B3 map over the A1 yield. The trend is almost uniform across the locations
and is dependent on the available rated torque: the difference in performance in-
creases with lower rated torque: 3% to 4% for the T6 cases and 9% to 12% for the
T1 cases.
Although a difference of a few percent can be a substantial difference in en-
ergy production, it will depend on the price difference between the two types of
machines and their share in the total WEC cost whether there is an incentive to
choose for one or the other.
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7.11 Conclusion
The research presented in this chapter is a successful exploration of the (planetary)
power split transmission (PST) PTO from patent [3] in a WEC. First a simulation
model has been set up to mathematically represent the interaction between the
three shafts. A first step in that process was to determine which of the torques
and speeds are an input to the model - and originating from the control or hy-
drodynamic submodel - and which of the torques and speeds are an output of the
PST submodel to pass along to the hydrodynamic model. The dynamics of the
two machines are also taken into consideration. Subsequently the corresponding
mathematical expressions were composed to represent a PST PTO consisting of
an auxiliary machine on one shaft, a main generator with flywheel on the second,
and the third shaft connected to the rack and pinion to exert the PTO force on the
floater.
A successful proof-of-concept was confirmed after a first series of simulations
using a proposed basic control. By retaining the auxiliary machine from rotating
during the upwards buoy motion, wave energy is absorbed and mainly redirected
to the main generator with flywheel. The latter is able to maintain a unidirec-
tional rotation while generating electrical power, hence the PST performs a bi- to
unidirectional conversion of the rotation.
Subsequently, a series of sensitivity analyses were performed to determine how
the power absorption from the waves could be improved. The damping coefficients
and inertias of both machines were studied. The auxiliary damping and inertia
came forward as the most sensitive parameters. It also came to light that the initial
idea of redirecting all - or most - of the wave energy towards the main generator had
to be abandoned to maximise the power output. By allowing the auxiliary machine
to absorb more wave power than the main generator, the total power absorption is
2.5 times larger. Also the idea of power smoothing was set aside to concentrate on
the potential energy production with a PST PTO.
Because the inertia of the auxiliary machine influences the power absorption
significantly, it had to be limited as it otherwise caused the floater to exceed the
sinkage in the higher sea states. Therefore, it was proposed to add reactive con-
trol to the auxiliary electromagnetic torque. By doing so, the performance of the
WEC can be improved in the lower sea states without compromising the higher sea
states. The reactive control consists of a virtual supplementary inertia multiplied
with the auxiliary machine’s rotational acceleration. Both positive as negative sup-
plementary inertia values are allowed. An alternative could be to use a variable
inertia.
Next, using the optimised damping-tuning strategy, the influence of the in-
stalled power on the power and energy output has been studied. For six steps in
installed power (in terms of rated torque) the mean power in every sea state has
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been obtained from simulations, optimising the control parameters for each case.
The two to three lowest installed powers did not have enough power on board
to handle high wave conditions, but from the fourth power step and above the
PST PTO performs good, with a flattening power curve once the constraints are
reached. The poor performance of the low installed powers logically affects the
yield curves which show a very steep beginning where the influence of the location
is barely noticeable. However, once the installed power increases enough, a high
energy location clearly benefits from a higher installed power.
The average machine efficiency has shown to be indeed better in a PST PTO
than, for example, in a direct coupled rack & pinion PTO. The operating points
appear to be located in better efficiency zones.
Finally, the influence of both rated torque and rated speed has been studied.
The initial speed range was already narrow and the maximum speed limit seems
to be reached quite easily. An additional reduction of the available torque causes
the auxiliary to increase the damping factor as a prevention to cross the speed
limit. This increased damping factor, however, results in a lower power output.
Nevertheless, many of the simulated combinations of rated torque and speed offer
a larger reduction in installed power than the corresponding yield reduction. The
door is open for a techno-economic analysis.
What’s in a name... By optimising the damping to maximise the WEC per-
formance, the auxiliary machine is promoted to the main contributor of electrical
power. The question rises thus to change the used terminology of the machines if
the PST PTO is further explored in the future.
The proof-of-concept of a power split transmission PTO for wave energy con-
version was successful. The yield results are in the same order of magnitude of the
rack and pinion PTO, which is promising for a first exploration of this PST system
in wave energy. It should be noted that the PST only damps the motion in the up-
wards direction and tunes it in both. The transmission ratios used in this work are
open to revision, a larger speed range for the auxiliary needs to be researched if the
PST technology appears to be a viable alternative to other PTO technologies. For
example, it should be studied if a low rated torque and higher rated speed performs
better than a comparable installed power with higher torque and lower speed. A
multi-parameter optimisation urges to fully understand the potential of the PST
topology. Anyhow, attention should be paid to have a sufficient fine resolution for
the control parameters.
Future research should also include the performance of a flywheel on the shaft
connected to the pinion running on the rack, possibly after a first speed increase.
It might be interesting to study the use of a variable inertia, also for the auxiliary
shaft.
A point of attention is the relatively high speeds during the idle working cy-
cle of the auxiliary machine, and the possibly higher reciprocating behaviour of
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the gearbox compared to a fixed transmission system such as with the rack and
pinion PTO of the previous chapter. Another thing is that the system needs two
(independently working) machines, which increases the risk of failure.
An added value of the PST technology is the possibility to smoothen the power
output. Theoretically, by changing the control and increasing the installed power
of the main generator, the presented PST topology can store excess electrical en-
ergy from the auxiliary machine in the inertia of the main generator’s flywheel in
order to output a more or less constant power. The main generator will then act
as a motor at these instances, to subsequently convert the kinetic energy back to
electricity when the auxiliary machine’s power is low.
8
Conclusion
and suggestions for future research
To reach the point of competitiveness with other (renewable) energy sources, the
cost of a WEC needs to be minimised at all fronts. Even though the PTO only
partly contributes in these costs (the share of the PTO cost is estimated at 20% -
30% of the total manufacturing cost of the WEC [30–32]), every bit helps. The
methodology and the corresponding analyses in this work want to add to this effort
by quantifying the yield for different PTO configurations. The choice of machine
topology showed to have an important effect on the yield, where the magnitude of
the nominal efficiency is of secondary importance to the shape of the efficiency
map. Concerning the machine size, it was most interesting to see that, in some
cases a smaller machine size even appeared to result in an increased output be-
cause the machine was then used in better efficiency operating zones. Addition-
ally, optimising the rotational inertia of the PTO is shown to help significantly for
the performance of the WEC.
To enable the performed tests and simulations, a set of tools needed to be
elaborated. Simulation models were built including the PTO’s operational range,
dynamics and efficiency to assess the performance in different wave climates. Mul-
tiple iterations were performed to show trends and sensitivities. A large effort was
made behind the scenes in the post-processing of the tens of thousands of simula-
tions and to find an intelligible manner to present them. An appealing and trans-
parent way of presenting the results is believed to convince governments, project
developers, other researchers, or whoever person having a keen interest in invest-
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ing or assisting in the development of wave energy.
Additionally, a lab setup was developed to be a dry test bench for PTOs in
a protected, controllable and accessible environment. The lab setup provides a
fully interactive wave emulator where the PTO experiences the same (normalised)
torques and speeds as it would in a WEC at sea.
Another contribution made, is the study of the effect of the magnitude and
shape of the efficiency map of the electrical machine. The importance is pointed
out to evaluate a targeted electrical machine not (only) on the magnitude of its
nominal efficiency, but on the shape of the efficiency map over the entire working
range. Because of the very variable loads inherent to wave energy, the efficiency
across the working range of the machine has a substantial influence on the annual
energy yield. This should be kept in mind when comparing machine topologies.
The application of reactive control by means of a supplementary mass by motor
tuning was updated. While previously only positive values were used to virtually
increase the buoy mass, the optimisation of the physical inertia in the rack and
pinion PTO brought an incentive to virtually decrease the inertia in some of the
sea states by adding negative supplementary mass.
The influence of the machine size was studied by varying both the rated torque
and rated speed and represented in yield maps. The maps offer a starting point for
a techno-economic analysis to find the most profitable PTO configuration.
Main conclusions per chapter
This book starts with a chapter explaining an existing hydrodynamic simulation
model that was previously implemented in Matlab® and that was for this work
translated in Matlab-Simulink® with a significant gain in calculation speed. The
model is described in Chapter 2 together with the explanation of the spring-mass
analogy on which the reactive control principle is based to maximise the power
absorption from the waves. It is pointed out that the control needs to consider the
floater’s constraints in the selection of the control parameters.
Subsequent to the description of the hydrodynamic mathematical model, the
core of the studied rotational electromechanical PTOs is modelled in the third
Chapter: the electrical machine. A first step is the inclusion of the dynamic be-
haviour of the PTO inertia. Next, the operational range is defined to consider the
operational limits of the machine in the WEC operation. A first reduction of the
installed power is subsequently achieved by super-rated use in both torque as speed
range. In this work both torque and speed are used up to 200% of the rated value,
resulting in a required installed that can be reduced significantly while maintaining
the same maximum PTO force along a large part of the working range.
Another indispensable machine characteristic to achieve a realistic estimation
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of the electrical power is its efficiency. A quasi static model is used with efficiency
maps as a function of the actual torque and speed of the machine. The quasi static
assumption for wave energy simulations is subsequently confirmed by experimen-
tal tests on the wave emulator lab setup of Chapter 4. For the simulation work, two
different efficiency maps have been defined, the A maps and the B maps, corre-
sponding with two machine topologies (induction machine and permanent magnet
synchronous machine) to study the effect of the dissimilarity in efficiency along the
operational range. For each of the variants, four subvariants (A1− 4 and B1− 4)
have been defined to analyse the importance of the magnitude of the nominal effi-
ciency within a certain machine topology. The nominal efficiency value of the A1
variant is equal to the nominal efficiency of the B3 variant, facilitating the study
of the sensitivity of the efficiency shape along the operational range.
The use of a lookup table for the efficiency of the machine instead of a de-
tailed electrical machine model, has the main advantage of resulting in a shorter
simulation time.
The efficiency of the variable frequency drive has been entered as a fixed value
as the efficiency is relatively similar over the entire working range.
Chapter 4 presents a wave emulator lab setup. The setup is a tool to test a
PTO or its components in an accessible, controllable and protected environment to
assess their suitability and durability in wave energy converters. The wave emula-
tor enables testing of the PTO at equal (normalised) load conditions as if it were
installed in a WEC at sea. The wave emulator responds to PTO actions due to a
real-time control by the hydrodynamic floater model.
Calculations with noisy accelerations signals are avoided by representing all
mass terms of the floater and hydrodynamic model physically in the setup.
If tests at scale are desired, the WEC can be scaled with Froude scaling while
the identical normalised load conditions are maintained. This is accomplished by
introducing a compensation method which appoints extra inertia to the setup.
The experimental results of the wave emulator setup have been compared to
simulation using equal power take-off forces on the scaled model. The comparison
showed good correlation for the motion of the floater for the significant sea states.
This makes the proposed Wave Emulator a valuable tool in the development of
power take-off systems for wave energy converters. Because the intermittent and
reciprocating motion accompanied with wave energy is a considerable challenge
for PTO designs, it is advisable to run (long duration) tests on such a setup with
realistic loads before employing the PTO for (expensive and less accessible) tests
at sea.
In the fifth Chapter, the first of three PTO topologies has been studied consist-
ing of a drum and cable system to convert the heaving motion to rotation. The most
196 CONCLUSION AND FUTURE WORK
important findings are that the PTO efficiency influences the selection of control
parameters, affects the magnitude of the electrical output and that the efficiency
along the operational range is of substantial importance to evaluate a PTO system,
and more important than the magnitude at nominal load.
Even though the PTO losses diminish the effect of the reactive control due to
the bidirectional power flow, applying reactive control still results in an important
increase of the electrical yield with the studied electromechanical PTO. Consider-
ing the magnitude of the nominal efficiency within the same machine topology it is
observed that a difference of 1% in nominal efficiency is amplified to a change of
3% in yearly energy yield. When different machine topologies are compared with
identical nominal efficiency but different course over the load range (B3 vs. A1),
the discrepancy is meaningful: at least 20% more energy is generated with a flat-
ter efficiency map, and some cases show a discrepancy of 30% or 40%. This is
attributed to the fact that the drum and cable PTO also requires motor actions to
keep the cable tense on top of the reactive control. Hence, there is potentially
a large incentive to use machines with a flat efficiency map in a drum and cable
WEC. The results also reconfirm the need to include the detailed efficiency of the
PTO in feasibility assessments.
Next, the influence of the installed power has been studied in the drum &
cable PTO with gearbox by both iterating the rated torque and speed. For the A1
map, with a relatively peaky efficiency map, the yearly yield even increases with
decreasing available speed (and thus lower installed power) because the operating
points shift to better performing zones. The yield gain is up to 5% for the highest
torque cases, on top of a 20% smaller installed power. Thus it is not necessarily
the highest installed power that achieves the maximum yield. For theB3 map with
a flatter shape, the annual yield drops slightly with decreasing speed range, but the
drop of installed power is substantially larger than the loss in yield.
A subsequent analysis was performed on the effect of removing the gearbox
losses by using a direct drive rotational machine. Yield gains between 9% and
15% were observed depending on the combination of rated torque and speed. A
direct drive machine is assumed to be more expensive, but additionally to the yield
gain, the absence of a gearbox might benefit the operational reliability and reduce
the maintenance costs.
A last optimisation of Chapter 5 was executed regarding the PTO inertia. An
appropriately selected inertia can increase the power absorption as it influences the
natural frequency of the system. For this PTO topology, a gain of more than 3% in
yield has been observed between the lowest simulated inertia and the optimum.
The model used assumed a purely heaving buoy. In reality this is not the case
with a cable between the buoy and the seabed. This might include considerable
inaccuracies of the model. Moreover, the system can only absorb energy in up-
ward direction and needs to act as a motor during the downwards motion, leaving
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a share of the floater’s potential untapped.
The second PTO topology is studied in Chapter 6 and concerns a rack and pin-
ion system to which an electrical machine is connected with or without a gearbox.
The rack and pinion offers, in contrast to a drum and cable, energy absorption in
both directions and there is no worrying about keeping the cable tense. The rack &
pinion also causes the reactive control to have a significantly larger effect because
the WEC can be tuned during the whole wave cycle.
A first set of analyses is done on a geared system and includes the efficiencies
as in the previous chapter. While the sinkage was the limiting floater constraint for
the drum and cable PTO, the peak lift is now reached earlier. This is caused by the
fact that the motion of the floater is significantly different due to the damping in
both directions.
Once focusing on the electrical output and thus considering the PTO efficiency,
the effect of the reactive control is slightly lower than when the absorbed power
is maximised, but it still brings a substantial gain in WEC performance. The in-
fluence of the nominal efficiency’s magnitude is slightly lower than with the drum
and cable because there are relatively less motoring actions. A drop of 1% in nom-
inal efficiency decreases the yield with approximately 2% for both the simulated
machine topologies (A and B maps). The better average performance of the B3
machine, with a flatter efficiency map, brings a yield increase of between 9% and
15% compared with the A1 machine, although having an identical nominal effi-
ciency. This gain is also slightly less pronounced than with the previous studied
PTO topology, but still clearly emphasises the weight of the efficiency map shape.
The iterations with both rated torque and rated speed showed a large potential
to reduce the installed power of the PTO machine. With this PTO topology as
well, the A1 machines with lower rated speed perform better because they are
more often operated in high efficiency zones. As the B3 efficiency map is much
flatter, the yield does not increase with decreasing speed range, but it does not drop
either. Hence a significant installed power reduction can be achieved by adapting
the speed range.
At first, the results for the direct drive option were against expectation, because
in many cases it performed worse than the geared option. This is however ex-
plained by the substantial drop in equivalent PTO mass towards the hydrodynamic
system and thus lowering the floater’s response. Only for high rated torques, the
system benefits from the better PTO efficiency with a yield gain of 15%. Because
then the machine has ample torque available to add virtual mass by the reactive
control. This is an example of the need to get both the hydrodynamic response
right as well as the PTO performance.
The study of the direct drive already revealed the compelling influence of the
PTO inertia in the rack and pinion WEC, which was confirmed by an iteration with
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a set of inertia values. By optimising the rotary inertia, the motor tuning can be
reduced significantly which benefits the net electrical outcome. The optimal inertia
results in a substantial gain in annual yield: between 12% and 18% depending on
the location, compared to the lowest inertia of the iteration set. For the direct drive
option the inertia has not been optimised because this would require an immense
amount at low speed.
An update to the control was proposed in the aftermath of the inertia optimisa-
tion. The optimal inertia enhanced the overall performance, but was apparently too
large for sea state (SS) 6 and thus decreased the mean power in that sea state. As a
solution, negative tuning was introduced to virtually reduce the inertia. This led to
rise the mean power of SS6 again with 30% and the yearly yield with another 2%
to 5%, depending on the location, on top of the already achieved gain due to the
optimised inertia.
In Chapter 7 the last of the three studied PTO systems was presented. The
PTO consists of a novel idea from patent [3] to insert a power split transmission
(PST) in a WEC aiming at a better average machine efficiency and a bidirectional
to unidirectional conversion of the rotation. The PST has three shafts of which the
speeds and torques are interrelated. By means of controlling an auxiliary machine
on one of the three shafts, wave energy should be absorbed from a second shaft and
directed to a main generator with flywheel on the third shaft rotating in a single
direction.
Firstly, a simulation model has been set up to mathematically represent the
interaction between the three shafts of the PST, and the dynamics of the two ma-
chines connected to it. The model was then combined with the hydrodynamic
simulation model and a successful proof-of-concept was confirmed with a basic
control strategy.
A series of sensitivity analyses revealed the most important control and me-
chanical parameters. On that base, a configuration for the next simulations was
defined and the control strategy was adapted to maximise the power output with
the consequence that the auxiliary machine becomes the main contributor of en-
ergy. A second intervention on the control was done by adding a reactive compo-
nent to the auxiliary control to improve the hydrodynamic response of the floater
and thus the power output. Positive tuning values improved the performance in the
lower sea states while negative tuning prevented the WEC from reaching the peak
sinkage too easily in the higher sea states and thus also increasing the mean power.
An alternative could be the use of a variable inertia.
The average machine efficiency indeed showed to be better in a PST config-
uration than, for example, in a direct coupled rack & pinion PTO, the operation
points appear to be located in better efficiency zones.
In the analysis of the yearly yield versus rated torque and rated speed, many
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of the simulated combinations offer a larger reduction in installed power than the
corresponding yield reduction. This opens possibilities for a techno-economic op-
timisation.
The first exploration of the novel PST PTO concept was successful and of-
fers next to the competitive yield, plenty of research opportunities, both in power
maximisation and reduction of installed power. And even though the idea of the
potential power smoothing was put aside for this work, the configuration lends it-
self to investigate the opportunities.
As mentioned earlier in the text, the values quantified by the simulations are
not meant as absolute assessments of the WEC equipped with a certain PTO con-
figuration, but as a tool to emphasise the sensitivities in dimensioning a power
take-off system and to point out where or how the PTO can be optimised, possi-
bly including a potential reduction of installed power. Therefore it was found not
appropriate to venture a quantitative comparison between the three studied topolo-
gies. Moreover, the only comparison that makes sense, is one that encompasses a
complete techno-economic evaluation.
Nevertheless, it is worthwhile to mention some qualitative aspects of the three
studied PTO topologies, in particular some points of attention for each of the sys-
tems. The drum and cable technology brings the disadvantage of the need to keep
the cable tense at all times and the corresponding unidirectional power absorption.
Slack on the cable can result in high impact forces which could exceed the maxi-
mum tensile strength of the cable. Keeping the cable tensioned requires a higher
ratio of power investment. Additionally, the model used here for the drum & cable
PTO assumes a pure heaving motion, while the cable will in reality also allow the
other motions in all degrees of freedom, including the pitch and roll motions. The
model contains therefore a large degree of uncertainty for this topology.
A PTO consisting of a rack and pinion system such as in Chapter 6, but also
the PST system of Chapter 7, does not allow other motions but heave, however the
guiding system will have to deal with all non-vertical wave forces on the floater,
and these are not negligible.
The PST system needs two independently working electrical machines, in-
creasing the risk of failure. Although the two other systems also might consist of
a gearbox, it is unsure whether the application as a three shaft PST will jeopardise
the life time of a planetary gearbox.
Suggestions for future research
As already stated in the introduction and confirmed by the findings in this work,
a holistic approach is necessary in the development of a WEC. Also the floater
design needs to be part of this approach to find the most favourable WEC for a
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targeted location. Further research could study how to determine the best floater
geometry for a targeted location. Does it suffice to compare different floaters with
an unlimited PTO (for which the control parameters are optimised for each case)
and subsequently optimise the PTO for the best floater, or is it necessary to op-
timise the PTO for each of the floaters under consideration to find the optimum
composition?
The most profitable option is not always the most performing technical option
if it needs to be custom designed. In reality - certainly in a market introduction
phase - it is a matter of making the right choice in off-the-shelf available com-
ponents. If different options arise, and detailed efficiency maps are available (and
correct), the options can be compared by using the methods presented in this work.
If detailed efficiency data are not available, the wave emulator setup described in
Chapter 4 can be used. A first option is to test them directly in wave conditions
in the wave emulator setup, but then the control parameters might not be optimal
for the tested device. Another possibility is that the detailed efficiency map as a
function of the actual torque and speed is mapped on the setup first, to be used
subsequently in simulations to select the optimal control parameters and evaluate
its overall performance according the approach presented here. It is also a mat-
ter of applying the less cost intensive optimisations first, such as optimising the
rotational inertia.
Once a selection is made, or a selection of eligible components, their durability
can be tested on the wave emulator test setup under realistic load conditions in long
duration tests. Next to durability, a sustainability assessment should be performed.
The shape of the efficiency map along the entire operational range seems to be
a substantial characteristic of a PTO. The sensitivity study thereof was performed
by comparing a map based on an induction machine (A1 map) with a map based
on a permanent magnet synchronous machine (PMSM) (B3 map). In this context
it should be stated that this was to emphasize the importance of the efficiency over
the entire working range, rather than promoting the PMSM topology. Moreover,
flux optimisation at lower loads might be an interesting method to improve the
efficiency shape of induction machines, and is a valuable path to investigate in the
future.
The operational range of the electrical machine used in this work was up to
200% of rated torque and speed. The range to use depends on the capabilities of
the selected machine and can differ from type to type. It is probably interesting to
use machines that offer a larger peak speed, or might offer it by simply upgrading
the bearings.
For the studied cases in this work, the control parameters were optimised for
each case and were often restricted to respect the constraints of floater and PTO.
The selection made was based on the simulated time series of exciting wave forces.
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In real life conditions however, waves might occur where one or more constraints
are exceeded with a static control and the set parameters at that moment. Hence
a control should be developed to monitor the limits and act to prevent any ex-
ceedance if necessary. This can improve the final yield, because now the control
parameters could be considered as suboptimal as they are limited by possibly only
a single wave where the limits would be exceeded. Additionally, the control can be
improved concerning the absorption performance by wave-to-wave control such as
in [11] or comparable. And even without wave-to-wave control, the rack & pinion
topology might benefit from an asymmetrical damping and tuning for the upwards
and downwards movement, which was symmetrical for the simulations performed
in this work.
The viability of a certain strategy does not only lie in its possibility to optimise
the energy yield in every sea state, but also in its robustness and sensitivity of the
control parameters. If a strategy is very sensitive on the control parameters, the
yielded energy will drop significantly when parameters are not set appropriately
for a certain wave condition.
The yield results for the series of machine combinations can be used as in-
put for a techno-economic analysis. The options that will be subsequently found
as economically relevant should be checked on their margins and flexibility in a
next phase and the results should be part of a final evaluation. This could possibly
be done by formulating a cost function where the different design parameters and
simulation outputs are given a weight depending on their importance.
If a drum and cable PTO is going to be pursued, it is advisable to extend the
model with the behaviour of the cable to test the winding of the cable and assess
the risks and consequences of having slack on the cable. If a rack and pinion
PTO is chosen, the horizontal (wave) forces should be taken into account for the
durability of the vertical guiding system.
For the PST system many research opportunities remain. As stated, the trans-
mission ratios can be improved and also the control strategy is open to suggestions
concerning optimisation of the electrical output. When it comes to power smooth-
ing of the electrical power output, the system inherently offers possibilities, but
other power smoothing technologies should be evaluated as well.

In elke druppel trilt de oceaan
In every drop the ocean trembles
Peter Verhelst
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